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INTRODUCTION 

The U.S. Department of Energy h a s  under taken  a Chemical Gas Stream Cleanup Program t o  
s i m p l i f y  and improve methods f o r  c l e a n i n g  gas  g e n e r a t e d  from c o a l  e i t h e r  by g a s i f i c a -  
t i o n  o r  combustion. 
aimed a t  g a s  s t reams g e n e r a t e d  a t  p r e s s u r e s  g r e a t e r  t h a n  6 a tmospheres  and tempera- 
t u r e s  g r e a t e r  t h a n  l,OOO°F. These e l e v a t e d  p r e s s u r e s  and t e m p e r a t u r e s  would b e  
a s s o c i a t e d  w i t h  emerging t e c h n o l o g i e s  such  a s  i n t e g r a t e d  g a s i f i c a t i o n  combined-cycle 
molten c a r b o n a t e  f u e l  c e l l  power p l a n t s ,  d i r e c t - f i r e d  c o a l  t u r b i n e s ,  and p r e s s u r i z e d  
f l u i d i z e d - b e d  combustion. C o n t r o l  and removal of t h e  contaminants  i s  a t e c h n i c a l  
l i m i t a t i o n  and a major c o s t  a s s o c i a t e d  w i t h  t h e s e  advanced c o a l  u t i l i z a t i o n  sys tems.  

The o v e r a l l  program o b j e c t i v e  i s  t o  deve lop  t e c h n o l o g i e s  economica l ly  t o  remove hot  
gas  s t ream contaminants  s u c h  a s  s u l f u r  compounds, n i t r o g e n  compounds, a l k a l i s ,  
s e l e c t e d  t r a c e  m e t a l s ,  and r e s i d u a l  hydrocarbons which a r e  d e t r i m e n t a l  t o  advanced 
c o a l - f i r e d  systems ( 1 ) .  S e l e c t i o n  and cont inuance  o f  t h e  p r o j e c t s  i s  based  on t h e i r  
a b i l i t y  t o  meet performance and envi ronmenta l  requi rements  and t o  show promise  of 
s i g n i f i c a n t  c o s t  r e d u c t i o n  over  a v a i l a b l e  t e c h n o l o g i e s .  

The Department of Energy through t h e  MorgalltOWn Energy Technology Center  (METC) 
c a r r i e s  o u t  development programs f o r  many o f  t h e  o t h e r  f u e l  c o n v e r s i o n  and power- 
g e n e r a t i n g  components f o r  advanced energy  sys tems based on c o a l .  Bes ides  t h e  Gas 
Stream Cleanup Program, METC implements programs i n  G a s i f i c a t i o n ,  Heat E n g i n e s ,  Fue l  
Cells,  Fluidized-Bed Combustion, Components, and S o l i d  Waste Management. A h i g h  
degree  o f  c o o r d i n a t i o n  w i t h  t h e s e  programs i s  main ta ined  t o  i n s u r e  c o m p a t i b i l i t y  and 
p r o p e r  i n t e g r a t i o n  o f  development e f f o r t s .  F i g u r e  1 d e p i c t s  t h e  i n t e g r a t i o n  o f  
Chemical Gas Stream Program. 

The p r o j e c t s  which compr ise  t h i s  development program a r e  main ly  

DISCUSSION 

The p r o d u c t s  o f  c o a l  g a s i f i c a t i o n  O K  combustion c o n t a i n  contaminants  which were p a r t  
of t h e  c o a l  f e e d s t o c k .  These contaminants  i n c l u d e  s u l f u r  compounds, c h l o r i d e s ,  
n i t r o g e n  compounds (HCN, NHa, NO ) ,  a l k a l i s ,  p a r t i c u l a t e s ,  and t r a c e  e l e m e n t s .  
Removal o f  t h e  s u l f u r  and n i t r o &  compounds and t h e  p a r t i c u l a t e s  i s  n e c e s s a r y  t o  
meet n a t i o n a l  a i r  q u a l i t y  s t a n d a r d s  f o r  SO , NO , and suspended s o l i d s .  Removal o f  
t h e  o t h e r  contaminants  i s  r e q u i r e d  f o r  somg a p p y i c a t i o n s  t o  a v o i d  equipment damage o r  
s e r i o u s  d e g r a d a t i o n  i n  performance. 
t o l e r a n c e  f o r  a l k a l i  compounds and mol ten  c a r b o n a t e  f u e l  c e l l s  (MCFC) f o r  s u l f u r  com- 
pounds. The f u e l  c e l l  s u l f u r  l i m i t  i s  w e l l  below t h e  envi ronmenta l  requi rements  f o r  
s u l f u r  c o n t r o l .  The e f f e c t  of s u l f u r  on c e l l  o p e r a t i o n  h a s  been s t u d i e d  b o t h  theo-  
r e t i c a l l y  and e x p e r i m e n t a l l y .  The r e s u l t s  from t h e  I n s t i t u t e  o f  Gas Technology ( 2 1 ,  
Uni ted  Technologies  C o r p o r a t i o n  ( 3 ) ,  and General E l e c t r i c  ( 4 )  work i n d i c a t e  t h a t  
s u l f u r  p r e s e n t  i n  e i t h e r  t h e  anode O K  ca thode  f e e d  a f f e c t s  t h e  per formance  of t h e  
n i c k e l  anode. 

I n  p a r t i c u l a r ,  g a s  t u r b i n e s  have a v e r y  ].ow 



The cleanup r equ i r emen t s  f o r  f o u r  a p p l i c a t i o n s  ( p r e s s u r i z e d  f lu id i zed -bed  combustion/ 
t u r b i n e ,  i n t e g r a t e d  g a s i f i c a t i o n  combined-cycle,  mol ten  ca rbona te  f u e l  c e l l ,  and 
d i r e c t  c o a l - f i r e d  t u r b i n e )  and s i x  c a t e g o r i e s  of  contaminants  ( p a r t i c u l a t e s ,  s u l f u r ,  
a l k a l i ,  n i t r o g e n ,  t r a c e  m e t a l s ,  and  c h l o r i n e )  a r e  g iven  i n  Table  1. Two a p p l i c a t i o n s  
p e r t a i n  t o  c leanup o f  p r o d u c t s  of  combustion b e f o r e  e n t e r i n g  a t u r b i n e ,  one a p p l i c a -  
t i o n  i s  f o r  low-Btu g a s  f o r  t u r b i n e  u s e  and one i s  f o r  medium-Btu gas  f o r  f u e l  c e l l s .  
Allowable l e v e l  o f  p a r t i c u l a t e s  f o r  t h e  p r e s s u r i z e d  f lu id i zed -bed  combust ion/ turb ine  
and  i n t e g r a t e d  g a s i f i c a t i o n  combined-cycle a p p l i c a t i o n s  a r e  i n  t h e  range  of  
1.7  x t o  0.01 g r a i n  ( g r )  p e r  s t anda rd  cub ic  f e e t  ( s c f )  and 4 . 1  x t o  0 .24  
gr p e r  s c f ,  r e s p e c t i v e l y .  

The DOE Chemical Gas S t ream Cleanup program has c e n t e r e d  on matching of  c leanup sub-  
sys tem t empera tu re  and p r e s s u r e  t o  t h a t  r equ i r ed  by t h e  end use  p rocess  e lement  and  
t h e  upstream g a s i f i e r  o r  combustor .  T h i s  matching  should  p rov ide  a t t r a c t i v e  systems 
by  e l i m i n a t i n g  h e a t  r ecove ry  equipment and compressors  o r  expanders .  F i g u r e  2 shows 
a t empera tu re -p res su re  p l o t  w i th  v a r i o u s  subsys tems i n  t h e i r  o p e r a t i n g  envelopes .  
With g a s i f i e r  t u r b i n e  power sys t ems ,  a n  i d e a l  match i s  ach ieved  w i t h  f ixed-bed  g a s i -  
f i e r s  and a z i n c  f e r r i t e  d e s u l f u r i z a t i o n  subsys tem.  Th i s  combina t ion  o f  g a s i f i e r  
and  ho t  c leanup h a s  been  r e f e r r e d  t o  a s  a " g a s i f i c a t i o n  i s l a n d "  concept  by METC and 
h a s  been r e c e i v i n g  h igh  p r i o r i t y  i n  development.  Molten ca rbona te  f u e l  cel ls  o p e r a t e  
a t  about t h e  same t empera tu res  b u t  a t  lower  p r e s s u r e s  than  gas  t u r b i n e s ;  b o t h  the  
z i n c  f e r r i t e  subsys tem and some novel  s o r b e n t  subsystems would be an  i d e a l  tempera- 
t u r e  match. A r e l a t i v e l y  unknown a rea  i s  t h a t  r e q u i r e d  f o r  d i r e c t - f i r e d  t u r b i n e s  
where tempera tures  can range  from 2,OOOO t o  2,800"F o r  h i g h e r .  Although a 
t empera tu re -p res su re  match i s  a t t r a c t i v e ,  sys tems a n a l y s i s  i s  necessa ry  t o  examine 
a l l  f a c t o r s  t h a t  e f f e c t  per formance  and c o s t .  

The Chemical Gas S t ream Cleanup Program, a s  shown i n  F i g u r e  3 ,  i s  d iv ided  i n t o  s i x  
contaminant  removal a r e a s ,  i . e . ,  s u l f u r ,  a l k a l i ,  t a r s ,  t r a c e  s p e c i e s ,  c h l o r i d e ,  and  
n i t r o g e n .  Each removal a r e a  i s  b r i e f l y  d i scussed  below. P a r t i c u l a t e  removal is  a 
s e p a r a t e  p r o j e c t  a r e a  pu r sued  by METC 'and i s  n o t  d i s c u s s e d  i n  t h i s  p r e s e n t a t i o n .  

S u l f u r  Removal 

The need t o  comply w i t h  envi ronmenta l  s t a n d a r d s  makes s u l f u r  removal impor t an t  f o r  
a l l  coa l  gas  a p p l i c a t i o n s .  However, MCFC a p p l i c a t i o n s  r e q u i r e  s u l f u r  l e v e l s  below 
t h e  1 p a r t  p e r  m i l l i o n  (ppm) range  ( 5 ) ,  whi le  o t h e r  a p p l i c a t i o n s  a l l o w  100 ppm o r  
more.  N e v e r t h e l e s s ,  s u l f u r  removal t o  below 10 ppm could  b e  b e n e f i c i a l  f o r  t u r b i n e  
a p p l i c a t i o n s ,  because  s u l f u r  and a l k a l i s  i n t e r a c t  t o  cause  c o r r o s i o n  and /o r  depos i -  
t i o n  on t u r b i n e  b l a d e s ,  and r educ ing  s u l f u r  may a l low less s t r i n g e n t  a l k a l i  removal 
r equ i r emen t s .  P r o j e c t s  under  s u l f u r  removal a r e  shown i n  F i g u r e  4 .  

F i g u r e  5 shows s u l f u r  removal t e c h n o l o g i e s  f o r  v a r i o u s  t empera tu res  o f  f u e l  gas .  
Many co ld  sc rubb ing  t e c h n o l o g i e s  a r e  a v a i l a b l e  f o r  removing f u e l  gases  up t o  tem- 
p e r a t u r e s  of about  350" t o  400°F. These t echn iques  can ach ieve  v e r y  h igh  s u l f u r  
removals i f  des igned  i n  s t a g e s  w i t h  e x t e n s i v e  r e c y c l e .  For  f u e l  g a s  tempera tures  
from about  850° t o  1 ,200°F,  two sys tems have shown promise :  an  i r o n  ox ide  so rben t  
and  a z i n c  f e r r i t e  s o r b e n t .  I r o n  ox ide  was t e s t e d  a t  METC i n  t h e  1 9 7 0 ' s  on f u e l  gas  
from a f ixed-bed  g a s i f i e r .  These t e s t s  showed f e a s i b i l i t y  of t h e  s o r b e n t  f o r  achiev-  
i n g  up t o  9 0  p e r c e n t  s u l f u r  removal.  IHI subsequen t ly  has  been t e s t i n g  t h i s  p rocess  
on  a p i l o t  s c a l e .  

Recent  development work a t  METC h a s  shown z i n c  f e r r i t e  t o  be  a l i k e l y  cand ida te  f o r  
h o t  gas  d e s u l f u r i z a t i o n ,  because  it can  remove a l l  s u l f u r  s p e c i e s  i n  t h e  gas  t o  below 
5 Ppm excep t  f o r  t h a t  found i n  t h e  t a r .  
q u e s t i o n s  t h a t  remain i n  z i n c  f e r r i t e  s o r b e n t  development.  I n  a d d i t i o n ,  t h e  z i n c  
fe r r i te  abso rbe r  w i l l  b e  s c a l e d  up and t e s t e d  a t  t h e  p rocess  development u n i t  (PDU) 
f lu id i zed -bed  g a s i f i e r  a t  t h e  KRW Energy Sys tems,  I n c . ,  Waltz M i l l  s i t e  e a r l y  i n  
1986. 
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Another  c a t e g o r y  of s o r b e n t s  r e f e r r e d  t o  a s  mixed m e t a l  o x i d e  and n o v e l  s o r b e n t s  has 
been under i n v e s t i g a t i o n .  
a t  h i g h e r  t e m p e r a t u r e s  and p o t e n t i a l l y  producing  e l e m e n t a l  s u l f u r  on r e g e n e r a t i o n .  
The I n s t i t u t e  o f  Gas Technology (IGT) mixed m e t a l  o x i d e  p r o c e s s  and B a t t e l l e  P a c i f i c  
Northwest L a b o r a t o r i e s  s o l i d  s u p p o r t e d  molten s a l t  p r o c e s s  a r e  c u r r e n t l y  a t  t h e  bench- 
s c a l e  development s t a g e .  I n  a d d i t i o n ,  J e t  P r o p u l s i o n  L a b o r a t o r i e s  (JPL) i s  complet ing 
l a b o r a t o r y - s c a l e  tes ts  on e n t i r e l y  new t y p e s  of  s y n t h e s i z e d  s o r b e n t s ;  t h e  most promis- 
ing  s o r b e n t s  w i l l  be  t e s t e d  a t  t h e  bench s c a l e  l a t e  i n  1986. 

A t  t empera tures  from 1,500° t o  about  2,000°F, calcium-based s o r b e n t s  have been t e s t e d  
and achieved over  95 p e r c e n t  s u l f u r  removal .  These p r o c e s s e s  a r e  n o t  c u r r e n t l y  be ing  
developed by DOE. E a r l i e r  work by  CONOCO and o t h e r s  have shown t h e  f e a s i b i l i t y  of 
t h e s e  systems. METC i s  e x p l o r i n g  t h e  p o t e n t i a l  of combining s u l f u r  removal w i t h  
g a s i f i c a t i o n  p r o c e s s e s ,  however, i n  tes ts  i n  a f l u i d - b e d  g a s i f i e r  under  t h e  METC g a s i f i -  
c a t i o n  program. 

The f i n a l  d e t e r m i n a t i o n  of which o f  t h e s e  p r o c e s s e s  w i l l  f i n d  u s e  i n  s u l f u r  removal 
sys tems w i l l  depend on economics. Two p i e c e s  o f  t h e s e  economic s t u d i e s  a r e  be ing  
c a r r i e d  o u t  by G i l b e r t / C o m o n w e a l t h ,  I n c o r p o r a t e d ,  i n  s t u d i e s  o f  r e a c t o r  c o s t s ,  and 
Ralph M .  Parsons  Company i n  e v a l u a t i o n s  o f  t a i l  gas t r e a t i n g  sys tems.  

These s o r b e n t s  have promise of a c h i e v i n g  d e s u l f u r i z a t i o n  

Zinc F e r r i t e  S t u d i e s  

A s u l f u r  s o r b e n t  u t i l i z i n g  z i n c  f e r r i t e  h a s  been under  development a t  METC f o r  t h e  
p a s t  5 y e a r s .  I n i t i a l  t e s t s  were w i t h  gas m i x t u r e s  t h a t  approximated g a s i f i e r  f u e l  
g a s e s .  
and demonst ra ted  t h a t  i n  t h e  o p e r a t i n g  regime l,OOOo t o  1,200°F, 120 t o  240 p s i g ,  
and 1,000 t o  2 ,000  h-' space  v e l o c i t y ,  a z i n c  f e r r i t e  s o r b e n t  can  f u n c t i o n  i n  a h o t  
gas s t ream from a f ixed-bed  c o a l  g a s i f i e r ,  removing low molecular  weight  s u l f u r  com- 
pounds t o  a l e v e l  o f  about  10 ppm. High m o l e c u l a r  weight  s u l f u r  compounds, which a r e  
i n  t a r s ,  however, a r e  n o t  removed. 
weight  i n  s u l f u r  b e f o r e  breakthrough.  
t u r e s  a t  1,400° t o  1 ,500°F,  t o  n e a r  i t s  o r i g i n a l  c o n d i t i o n  w i t h  a r e s i d u a l  s u l f u r  
c o n t e n t  ( a s  s u l f a t e )  o f  l e s s  t h a n  1 weight  p e r c e n t .  Absorp t ion  performance a f t e r  
t h r e e  r e g e n e r a t i o n s  i s  c l o s e  t o  t h a t  o f  f r e s h  s o r b e n t  (6 ) .  F i g u r e  6 i s  a p l o t  of t h e  
e x i t  hydrogen s u l f i d e  (H2S) l e v e l  a g a i n e d  o v e r  t h r e e  c y c l e s  of a b s o r p t i o n  and 
r e g e n e r a t i o n .  I t  can  b e  s e e n  t h a t  t h e  HzS l e v e l  i s  about  1 t o  5 ppm b e f o r e  break-  
through and t h e r e  i s  no s i g n i f i c a n t  drop  i n  t h e  s o r b e n t  s u l f u r  l o a d i n g  f o l l o w i n g  
r e g e n e r a t i o n .  

Bench-scale  e v a l u a t i o n  i n  a c t u a l  c o a l  g a s  s t reams were t h e n  c a r r i e d  o u t  

The s o r b e n t  p i c k s  up about  30 p e r c e n t  of i t s  
I t  can  be  r e g e n e r a t e d  by a i r  and s team mix- 

I 

P o t e n t i a l  improvements which may b e  made t o  t h e  z i n c  f e r r i t e  system i n c l u d e  ( a )  under- 
s t a n d i n g  meta l  phase  changes o c c u r r i n g  a t  c e r t a i n  o p e r a t i n g  c o n d i t i o n s  which could 
degrade  s o r b e n t  i n t e g r i t y  and per formance;  ( b )  minimize s u l f a t e  f o r m a t i o n ,  which can 
occur  i n  g a s e s  w i t h  s i g n i f i c a n t  SOz; and ( c )  reduce c a t a l y s t  d e g r a d a t i o n  which occurs  
wi th  repea ted  c y c l i n g  l e a d i n g  t o  reduced s t r u c t u r a l  s t r e n g t h  and l o s s  o f  i n t e g r i t y  
and performance.  '1 S e v e r a l  c o n t r a c t e d  e f f o r t s  a r e  aimed a t  t h e s e  improvements. 

Louis iana  S t a t e  U n i v e r s i t y  i s  s t u d y i n g  s t r u c t u r a l  changes i n  h o t  meta l  ox ide  s o r b e n t s  
i n c l u d i n g  z i n c  f e r r i t e  th rough a d s o r p t i o n  and r e g e n e r a t i o n  c y c l e s .  R e s u l t s  t o  d a t e  
i n d i c a t e  t h a t  t h e  r e l a t i v e l y  s imple  model is adequate  t o  d e s c r i b e  t h e  t ime-conversion 
d a t a .  
t r o l l i n g  r e s i s t a n c e .  E a r l y  i n  t h e  r e a c t i o n ,  b e f o r e  t h e  product  l a y e r  i s  f u l l y  deve l -  
oped, mass t r a n s f e r  is b e l i e v e d  t o  be i m p o r t a n t .  

SRI I n t e r n a t i o n a l  i s  per forming  t h e o r e t i c a l  and e m p i r i c a l  s t u d i e s  of  phase  boundaries  
o f  z i n c  f e r r i t e  d u r i n g  a d s o r p t i o n  and r e g e n e r a t i o n .  The Fe304/Fe,  Fe3Ol /wus t i te ,  car -  
bon d e p o s i t i o n ,  and c a r b i d e  format ion  phase  boundary composi t ions  have been ca lcu-  
l a t e d  f o r  t o t a l  p r e s s u r e s  o f  1, 5 ,  10 ,  15, and 20 arm a t  t e m p e r a t u r e s  o f  930°, 1,020°,  
l , l O O o ,  1,200°,  and 1,300'F. 
mat ion  and how it can b e  avoided .  Fixed-bed r e a c t o r  exper iments  were conducted a t  

i During most of t h e  r e a c t i o n ,  p r o d w t  l a y e r  d i f f u s i c r :  appears  t o  be  t h e  con- i 
Another  SRI I n t e r n a t i o n a l  s t u d y  d e a l s  w i t h  s u l f a t e  f o r -  
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SRI t o  de te rmine  t h e  amount of  s u l f a t e  formed a s  a f u n c t i o n  of  s e v e r a l  p r o c e s s  v a r i a -  
b l e s .  Higher  so rben t  t empera tu re  and lower oxygen p a r t i a l  p r e s s u r e  i n  t h e  f eed  gas  
l ead  t o  a dec rease  i n  t h e  amount of  s u l f a t e  remain ing  i n  t h e  r egene ra t ed  s o r b e n t  i s  
a f u n c t i o n  of d u r a t i o n  of r egene ra t ion ;  l onge r  d u r a t i o n  d e c r e a s e s  t h e  amount of  
r e s i d u a l  s u l f a t e .  An i n c r e a s e  i n  space  v e l o c i t y  was found t o  d e c r e a s e  t h e  s u l f a t e  
fo rma t ion .  In t h e  range  of p a r t i c l e  s i z e  from 0.5 t o  5 nun, t h e  s u l f a t e  fo rma t ion  was 
n o t  a f f e c t e d  by t h e  p a r t i c l e  s i z e .  The p resence  of  SO2 i n  t h e  f eed  gas  s i g n i f i c a n t l y  
promotes t h e  s u l f a t e  fo rma t ion .  

m, Inco rpora t ed ,  i s  s tudy ing  how t o  maximize z i n c  f e r r i t e  p h y s i c a l  s t r e n g t h  
and d u r a b i l i t y  du r ing  t h e  s o r b e n t  f a b r i c a t i o n  p r o c e s s .  
l a t e d  wi th  b e n t o n i t e  a s  a b inde r  has shown improved p h y s i c a l  and chemica l  per formance  
Over the  United C a t a l y s t ,  Inco rpora t ed  (UCI), z i n c  f e r r i t e  composi t ion  used  i n  tes t -  
i n g  a t  METC. The AMAX so rben t  had shown double  t h e  p h y s i c a l  c rush  s t r e n g t h  and tw ice  
t h e  s u l f u r  bea r ing  c a p a c i t y  of  t h e  UCI s o r b e n t .  During t h e  d e s u l f u r i z a t i o n  t e s t i n g ,  
t h e  AMAX so rben t  showed t h e  c a p a c i t y  f o r  r e t a i n i n g  i t s  i n i t i a l  s u r f a c e  a r e a  whereas 
t h e  U C I  so rben t  showed some l o s s  of s u r f a c e  a r e a  through s i n t e r i n g .  The AMAX s o r b e n t  
a l s o  had less f i n e s  a t t r i t i o n i n g  du r ing  t h e  d e s u l f u r i z a t i o n  t e s t i n g .  

A so rben t  which was formu- 

Novel Fuel  Gas Sorben t s  

Novel s o r b e n t s  can o f f e r  h ighe r  tempera ture  a p p l i c a t i o n s  and s i m p l e r  t a i l  gas  t r e a t -  
ment. The B a t t e l l e  s o l i d  suppor t ed  mol ten  s a l t  (SSMS) sys tem,  under  development 
s i n c e  1974, i s  a t  t h e  bench-sca le  development s t a g e  and f e a t u r e s  b o t h  s u l f u r  com- 
pounds and H C 1  removal from 6,000 ppm and 200 ppm t o  less than  1 ppm l e v e l ,  r e spec -  
t i v e l y .  The SSMS s o r b e n t  c o n s i s t e d  of  porous  l i t h i u m  a lumina te  ceramic  p e l l e t s  
loaded wi th  low-calcium s a l t  (Lil.lKo.7Ca0.1C03). The s o r b e n t  can  b e  r e g e n e r a t e d  
wi th  carbon d ioxide-s team mix tu re  t o  produce a hydrogen s u l f i d e - r i c h  gas  from which 
e l emen ta l  s u l f u r  could  be e f f i c i e n t l y  r ecove red .  The IGT mixed me ta l  ox ide  sys tem,  
under development s i n c e  t h e  l a t e  1970's, employs two s o r b e n t s .  One s o r b e n t ,  c o b a l t  
t i t a n a t e ,  removes 70 p e r c e n t  of t h e  s u l f u r  and can be  r egene ra t ed  w i t h  N*/O2/S02 mix- 
t u r e s  t o  produce e l emen ta l  s u l f u r .  The o t h e r  ox ide  i s  one o f  many s u i t a b l e  f o r  
removing s u l f u r  compounds t o  low l e v e l s  which can be r egene ra t ed  w i t h  a i r  and s team 
o r  n i t r o g e n  t o  produce SO,. Major examples a r e  z i n c  ox ide ,  i r o n  o x i d e ,  and copper  
ox ide .  

The c u r r e n t  r e sea rch  program conducted a t  JPL aims a t  s y n t h e s i z i n g  h igh - t empera tu re  
s u l f u r  removal s o r b e n t s  t h a t  combine s e v e r a l  d e s i r a b l e  phys icochemica l  p r o p e r t i e s .  
C e r t a i n  mixed ox ide  s o r b e n t s  have been developed  w i t h  r a p i d  k i n e t i c s  of a b s o r p t i o n  
and good so rben t  r e g e n e r a h i l i t y  a t  930° t o  1,300°F. The r ap id  a b s o r p t i o n  r a t e s  a r e  
r e a l i z e d  by e l i m i n a t i n g  or  minimiz ing  t h e  r e s i s t a n c e  a s s o c i a t e d  w i t h  s o l i d  s t a t e  d i f -  
f u s i o n .  In one c l a s s  o f  s o r b e n t s ,  s t a b l e  h igh  s u r f a c e  a r e a  can  be  ob ta ined  by e u t e c -  
t i c  mix tu res  of  me ta l  ox ide  s o r b e n t s  ( e . g . ,  ZnO-VnOs, CUno04  MOO^), which form a melt 
t h a t  c o a t s  t h e  pore  s u r f a c e  of  a h igh  s u r f a c e  a r e a  s u p p o r t .  
b e n t s  cons idered  i n  t h i s  work c o n s i s t s  o f  unsuppor ted  mixed ox ides  forming h i g h l y  
d i s p e r s e d  s o l i d  s o l u t i o n s  o r  s o l i d  compounds ( e . g . ,  ZnFepOl, CuFe204, C u F e A l O  , 
CuMo A 1  0 ) ,  c h a r a c t e r i z e d  by t h e i r  s m a l l  c r y s t a l l i n e  s i z e ,  h igh  p o r o s i t y  andxre l a -  
t i v e f y  Kifh s u r f a c e  a r e a .  A l l  so rben t s  e x h i b i t  h igh  s u l f u r  removal e f f i c i e n c y ,  
s t a b l e  conve r s ion ,  minimal po re  p lugg ing ,  and good r e g e n e r a b i l i t y .  

The o t h e r  C las s  o f  S O r -  

D i r ec t -F i r ed  Turbine  Sorben t s  

P h y s i c a l  Sc iences ,  Inc .  (PSI) i s  under tak ing  a combined t h e o r e t i c a l  and bench- sca l e  
expe r imen ta l  program t o  s tudy  t h e  f e a s i b i l i t y  of u s i n g  micronized  c o a l  and coa l -wa te r  
mix tu res  (CWM) a s  f u e l s  i n  h e a t  eng ines .  T h i s  p r o j e c t  a d d r e s s e s  two major  i n t e r r e -  
l a t e d  consequences a r i s i n g  from t h e  i n t r o d u c t i o n  of t h e s e  f u e l s  i n t o  g a s  t u r b i n e  
combustors .  The f i r s t  i s  t h e  r e l e a s e  of coal-bound mine ra l  m a t t e r  i n t o  t h e  combus- 
t i o n  p roduc t  s t r eam.  A second consequence of f i r i n g  c o a l  is t h e  emis s ions  of s u l f u r  
ox ides  which have been i d e n t i f i e d  a s  p r e c u r s o r s  t o  a c i d  r a i n .  PSI w i l l  q u a n t i f y  s u l -  
f u r  and a l k a l i  removal r a t e s  by s o l i d  s o r b e n t s  and w i l l  de te rmine  t h e  e f f e c t s  of  t h e  
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s o r b e n t s  on d e p o s i t i o n .  Westinghouse Research  and Development Center  w i l l  develop 
informat ion  on the f e a s i b i l i t y  of us ing  l i m e s t o n e  and dolomi te  s o r b e n t s  f o r  s u l f u r  
c a p t u r e  i n  pos t -combust ion  g a s  s t reams under  tempera ture  and p r e s s u r e  c o n d i t i o n s  
t y p i c a l  of d i r e c t  c o a l - f i r e d  t u r b i n e  o p e r a t i o n .  Both of t h e s e  p r o j e c t s  a r e  i n  e a r l y  
s t a g e s  with f i n d i n g s  n o t  a t  a s t a g e  t o  r e p o r t .  

Economic System S t u d i e s  

While v a r i o u s  t y p e s  o f  s u l f u r  removal sys tems a r e  i n  v a r i o u s  s t a g e s  of development ,  
Ralph M. Parsons Company and Gilbert/Commonwealth, I n c o r p o r a t e d ,  a r e  conduct ing  
s t u d i e s  f o r  c o s t  o p t i m i z a t i o n  of t h e  s u l f u r  removal technology i n  a p l a n t  complex t o  
produce 100 megawatts o f  e l e c t r i c a l  power. The G i l b e r t  s t u d y  f o c u s e s  on v a r i o u s  c o a l  
g a s i f i e r  and f i x e d - / f l u i d i z e d - b e d  s u l f u r  a b s o r b e r  and s o r b e n t  r e g e n e r a t i o n  systems 
u s i n g  t h e  Morgantown Energy Technology C e n t e r ' s  z i n c  f e r r i t e  p r o c e s s ,  t h e  I n s t i t u t e  
o f  Gas Technology 's  m e t a l  ox ide  p r o c e s s ,  and t h e  B a t t e l l e  P a c i f i c  Northwest Labora- 
t o r y ' s  s o l i d - s u p p o r t e d  m o l t e n  s a l t  p r o c e s s .  This  s t u d y  i n c l u d e s  11 c a s e s  f o r  g a s i -  
f i e r ,  ho t  gas c leanup,  a n d  r e g e n e r a t i o n  system c o n f i g u r a t i o n s  a s  summarized i n  Table  2 .  
The Parsons s t u d y  d e a l s  e x c l u s i v e l y  w i t h  s t a t e - o f - t h e - a r t  s u l f u r  recovery  from regen- 
e r a t i o n  g a s e s .  T h i s  s t u d y  i n c l u d e s  11 p r o c e s s  c o n f i g u r a t i o n s  a s  summarized i n  Table  3. 
Both of t h e s e  s t u d i e s  a r e  i n  t h e  e a r l y  s t a g e s  and conclus ions  have n o t  been reached 
concern ing  them. 

A l k a l i  Removal 

Presence  of a l k a l i  meta l  i s  a major concern i n  gas  t u r b i n e s ,  which o p e r a t e  a t  tem- 
p e r a t u r e s  of 1,800°F and h i g h e r .  Allowable l e v e l s  of a l k a l i  m e t a l s  i n  expans ion  
g a s e s  f o r  t u r b i n e s  t o  p r e v e n t  c o r r o s i o n  o r  d e p o s i t i o n  on b l a d e s ,  s t a t o r s ,  and r o t o r s  
can  be  r e a d i l y  d e r i v e d  from s t a n d a r d s  f o r  a l k a l i  c o n t e n t  f o r  l i q u i d  t u r b i n e  f u e l  (.5 
t o  5 ppm). These s t a n d a r d s  cor respond t o  a .05 t o  .5 ppm al lowance f o r  a l k a l i  meta ls  
i n  low-Btu g a s .  Encouraging r e s u l t s  were achieved  i n  measurements o f  a l k a l i  l e v e l s  
d u r i n g  a t e s t  a t  t h e  Genera l  E l e c t r i c  Company g a s i f i e r  i n  November 1984. The g a s i -  
f i e r  i s  a s t i r r e d - b e d  o p e r a t e d  i n  an a i r -b lown mode. Cleanup c o n s i s t e d  of a s i n g l e  
c y c l o n e .  A l k a l i  l e v e l s  were measured,  less t h a n  1 ppm, and approximated t h a t  ca lcu-  
l a t e d  from a l k a l i  c o n t e n t  i n  t h e  feed  c o a l  a s h .  

A l k a l i  metal  t o l e r a n c e s  f o r  MCFC a p p l i c a t i o n s  have n o t  been e s t a b l i s h e d .  A 
s t u d y  ongoing by Energy Research  Corpora t ion  (ERC) t o  de te rmine  t h e  e f f e c t  o f  t r a c e  
m e t a l s  on f u e l  c e l l s  w i l l  e s t a b l i s h  a l k a l i  t o l e r a n c e s  if i n  f a c t  t h e y  a r e  needed. 
F i g u r e s  7 and 8 show t h e  work be ing  conducted i n  t h e  a r e a s  of fundamental  s t u d i e s ,  
a l k a l i  measurement, and a l k a l i  c o n t r o l .  

Fundamental s t u d i e s  o f  r e l e a s e  mechanisms, c a p t u r e  mechanisms, and f a t e  of a l k a l i  
m e t a l s  a r e  b e i n g  conducted  by  METC, Midwest Research  I n s t i t u t e ,  and t h e  U n i v e r s i t y  of 
Ar izona .  
phase  condensa t ion  o f  a l k a l i  m e t a l s  i n  p r e s s u r i z e d  f l u i d i z e d - b e d  combustion p r o c e s s e s .  

Three  methods of a l k a l i  m e t a l  c o n t r o l  a r e  each  b e i n g  explored  by  West inghouse,  
Argonne N a t i o n a l  L a b o r a t o r y ,  and t h e  U n i v e r s i t y  o f  P i t t s b u r g h .  
aimed a t  PFBC a p p l i c a t i o n s ,  t h e  Westinghouse s t u d y  i s  d i r e c t e d  a t  p r e s s u r i z e d  c o a l  
g a s i f i c a t i o n  a p p l i c a t i o n s ,  w h i l e  t h e  U n i v e r s i t y  o f  P i t t s b u r g h  s t u d y  i s  concerned wi th  
p r o d u c t s  of e n t r a i n e d  g a s i f i c a t i o n  u s i n g  s o l i d  c o l l e c t o r s  t o  t r a p  contaminant  s p e c i e s .  

Aerodyne C o r p o r a t i o n  is updat ing  and  modifying a computer model f o r  i n t e r -  

The Argonne s t u d y  i s  

Fundamental S t u d i e s  

A U n i v e r s i t y  o f  Arizona s t u d y  i s  i n v e s t i g a t i n g  t h e  format ion  o f  a l k a l i  m e t a l  vapor  i n  
e n t r a i n e d  f low g a s i f i c a t i o n  and  combustion a t  v a r i o u s  t e m p e r a t u r e s ,  and t h e  p o t e n t i a l  
f o r  c a p t u r e  o f  t h e s e  v a p o r s  w i t h  powdered k a o l i t e  or l i m e s t o n e .  
I n s t i t u t e  is s t u d y i n g  fundamenta l  combustion chemis t ry  i n  PFBC a p p l i c a t i o n s  w i t h  t h e  
g o a l  Of v e r i f y i n g  p r e d i c t a b i l i t y  of a l k a l i  m e t a l  c o n c e n t r a t i o n s  i n  o f f  g a s e s  by  
e x i s t i n g  computer models. One such model, t h e  PACKAGE code, i s  b e i n g  m o d i f i e d ,  
upgraded,  and more f u l l y  documented by t h e  Aerodyne Corpora t ion .  
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TABLE 2. Summary of Hot Gas Cleanup Cases Studied 
by Gilbert/Commonwealth, Incorporated 

Cases 
Sorbent Process 

METCa Battelleb IGTC 

1 6 9 
2 7 10 
3 8 11 
4 
5 

Hot Gas 
C 1 e a nup 

Gasifier Reactor 

Air -- Fixed-Bed Dry Ash Fixed 
0 2  -- Texaco Quench Fixed 
0 2  -- Westinghouse Fluid Bed Fixed 
02 - -  Westinghouse Fluid Bed Fluid 
02 -- Fixed-Bed Dry Ash Fixed 

Sul f ided 
Sorbent 

Regenerator 

Fixed 
Fixed 
Fixed 
Fluid 
Fixed 

a Zinc ferrite. 

Solid-supported molten salt. 

Mixed metal oxides 

TABLE 3 .  Summary of Configurations of 1 1  "Short-List'' Process 
Candidates Assessed by The Ralph M. Parsons Company 

Candidate 

Grouping Case Concentration Sulfur Reduction/ 
Process SO2 Recovery/ 

No. No. Process Production Process Tail Gas Process 

1A Wellman-Lord Resox BSR/Claus 
1B Wellman-Lord Resox Recylce to W-L 
1c We1 h a  n-Lord Resox BSR/MDEA 
1D We 1 lman-Lord Resox BSRjSt re t f ord 

1 

2A Wellman-Lord Allied Chemical None 

2 2B Wellman-Lord Allied Chemical Recycle to W-L 

2c Wellman-Lord Allied Chemical None 

(2 Claus Stages) 

(2 Claus Stages) 

(3  Claus Stages) 

Wellman-Lord Beavon Sulfur Stretford 
Removal (BSR) 

3 3 

4A Wellman-Lord Modified Claus BSR/Selectox 

4c Wellman-Lord Modified Claus Recycle to W-L 
4 48 Wellman-Lord Modified Claus BSR/Stretford 

BSR -- Beavon Sulfur Removal. 

W-L -- Wellman-Lord 

MDEA -- Methyl-di-ethanol-amine. 
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A l k a l i  Measurement 

I n  a d d i t i o n  t o  fundamental  s t u d i e s  and development of c o n t r o l  technology,  Ames 
N a t i o n a l  Labora tory  has  deve loped  a n  o n - l i n e  a l k a l i  measuring d e v i c e ,  which was 
f u r t h e r  developed by  HXTC t o  be  capable  o f  measuring a l k a l i  c o n t e n t  t o  10  ppb. The 
meter  has been s u c c e s s f u l l y  t e s t e d  a t  t h e  p r o c e s s  development u n i t  (PDU) s c a l e  a t  
METC and a t  GE Research C e n t e r ,  Schenectady s i t e .  The meter  w i l l  be  used t o  measure 
t h e  a l k a l i  l e v e l s  a t  t h e  PDU s c a l e  a t  K R W  Energy Systems,  I n c . ,  Waltz  M i l l  s i t e .  

A l k a l i  Control  

Westinghouse, I n c o r p o r a t e d ,  h a s  conducted r e s e a r c h  i n t o  t h e  a l k a l i - g e t t e r i n g  concept  
s i n c e  October  1978. The r e s u l t s  of t h e i r  work and t h a t  o f  o t h e r s  l i k e  Argonne 
N a t i o n a l  L a b o r a t o r i e s  (ANL) l e d  t o  t h e  c o n c l u s i o n  t h a t  a f i x e d  bed o f  c y l i n d r i c a l  
p e l l e t s ,  1 /8  inch  i n  d i a m e t e r  by 114 i n c h  l o n g ,  o f  e m a t h l i t e ,  a f u l l e r ' s  e a r t h ,  i s  
t h e  b e s t  method o f  h o t  g a s  removal of a l k a l i  m e t a l s  from p r o d u c t s  o f  c o a l  g a s i f i c a -  
t i o n .  Curren t  development  i s  a t  bench s c a l e .  

A r e c e n t  100-hour tes t  conducted  by Westinghouse u s i n g  a sha l low packed bed showed a 
range  of 2.0 t o  4 .2  weight  p e r c e n t  c a p t u r e  o f  sodium by t h e  e m a t h l i t e .  The feed  gas 
sodium c o n c e n t r a t i o n  was reduced from 10 ppm t o  approximate ly  2 ppm. I n  l a b o r a t o r y  
tes ts  a t  Argonne, a c t i v a t e d  b a u x i t e  shows a s i m i l a r  a b i l i t y  f o r  sodium c a p t u r e ,  b u t  
h a s  t h e  a d d i t i o n a l  advantage  of b e i n g  r e g e n e r a b l e  v i a  w a t e r  l e a c h i n g .  

ANL h a s  p ioneered  t h e  development  of g r a n u l a r  s o r b e n t s  s u i t a b l e  f o r  use  i n  a g r a n u l a r  
bed f o r  t h e  removal o f  a l k a l i  vapor  from h o t  PFBC f l u e  g a s .  A f t e r  e x t e n s i v e  screen-  
i n g  o f  p o t e n t i a l  c a n d i d a t e  s o r b e n t s ,  a c t i v a t e d  b a u x i t e  and diatomaceous e a r t h  were 
found t o  be  t h e  most e f f e c t i v e  s o r b e n t s  i n  c a p t u r i n g  NaC1, K C 1 ,  and K2S04 vapors  from 
a s imula ted  h o t  PFBC f l u e  gas  a t  a tmospher ic  p r e s s u r e .  

In  recent  l a b o r a t o r y - s c a l e ,  f ixed-bed  s o r p t i o n  s t u d i e s  a t  ANL, performed a t  condi-  
t i o n s  t h a t  c l o s e l y  s i m u l a t e  t h e  a c t u a l  PFBC f l u e  gas ( t e m p e r a t u r e ,  1,560°F; p r e s s u r e  
10 atm a b s o l u t e ;  gaseous composi t ion ,  3 p e r c e n t  0 2 ,  16 p e r c e n t  C O P ,  5 p e r c e n t  H20, 
250 ppmV 5 0 2 ,  few ppmV NaCl v a p o r ,  and t h e  b a l a n c e  NZ) ,  NaC1-vapor removal e f f i c i e n -  
c i e s  g r e a t e r  than  99 p e r c e n t  were achieved  f o r  bo th  a c t i v a t e d  b a u x i t e  and diatomace-  
ous e a r t h  s o r b e n t s .  I t  was a l s o  demonst ra ted  t h a t  a c t i v a t e d  b a u x i t e  can be e a s i l y  
and e f f e c t i v e l y  r e g e n e r a t e d  f o r  r e u s e  by a s i m p l e  water - leaching  p r o c e s s .  
n a r y  e v a l u a t i o n  i n d i c a t e d  t h a t  t h e  f i x e d  granular -bed  f i l t e r  concept  f o r  t h e  c o n t r o l  
of a l k a l i  vapors  from PFBC f l u e  gas  i s  economica l ly  a t t r a c t i v e .  

A r e s e a r c h  p r o j e c t  h a s  b e e n  i n i t i a t e d  a t  t h e  U n i v e r s i t y  o f  P i t t s b u r g h  whose o b j e c t i v e  
i s  t h e  c o n t r o l  of e m i s s i o n s  of a l k a l i  m e t a l s ,  t r a c e  m e t a l s ,  and a r o m a t i c  hydrocarbons 
t h a t  occur  i n  advanced c o a l  convers ion  p r o c e s s e s  such a s  p u l v e r i z e d  c o a l  combustion 
f o r  t u r b i n e  a p p l i c a t i o n s .  The p r o c e s s  i s  t h e  a d s o r p t i o n  o f  t h e  u n d e s i r a b l e  components 
o n t o  t h e  s u r f a c e  o f  a s o l i d  c o l l e c t o r ,  such  a s  p u l v e r i z e d  alumina,  which is  i n j e c t e d  
i n t o  t h e  f lame mixed w i t h  t h e  f e e d  c o a l .  The p a r t i c l e  s i z e  o f  t h e  c o l l e c t o r  w i l l  be 
such  t h a t  i t  can be  e a s i l y  removed from t h e  f l u e  gas by  a cyclone or o t h e r  s e p a r a t o r .  

Tar  Remova 1 

The problem of removing t a r  and o t h e r  l i g h t e r  hydrocarbons from h o t  c o a l  gas  s t reams 
is o f  i n t e r e s t  p r i m a r i l y  f o r  i n t e g r a t e d  c o a l  g a s i f i c a t i o n / m o l t e n  c a r b o n a t e  f u e l  c e l l  
power p l a n t  a p p l i c a t i o n s  u s i n g  f ixed-bed  g a s i f i e r s .  These hydrocarbons a l s o  c a r r y  a 
n o n t r i v i a l  f r a c t i o n  o f  s u l f u r  which could impact  t h e  performance of t h e  molten carbon- 
a t e  f u e l  c e l l .  Tar  removal  is i r r e l e v a n t  f o r  gas t u r b i n e  u s e ,  and t a r  and a l l  b u t  t h e  
l i g h t e s t  hydrocarbons a r e  a b s e n t  from p r o d u c t s  of o t h e r  t h a n  f ixed-bed  g a s i f i e r s .  
F i g u r e  9 shows t h e  work b e i n g  conducted i n  t h e  a r e a  o f  t a r  removal. 

The Chemical Gas Stream Cleanup Program i n c l u d e s  a s t u d y  by  Washington S t a t e  Univer- 
s i t y  on t h e  fundamentals  o f  t a r  format ion  i n  f ixed-bed  g a s i f i e r s  and p r e l i m i n a r y  

A p r e l i m i -  
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development of  t h r e e  broad  approaches  t o  c r a c k i n g  hydrocarbons  i n  h o t  p r o d u c t  gas  
s t r eams  from f ixed-bed  g a s i f i e r s  by B a t t e l l e  P a c i f i c  Northwest Labora to ry  ( B a t t e l l e ) ,  
P h y s i c a l  Sc iences ,  Inco rpora t ed  (PSI) ,  and Massachuse t t s  I n s t i t u t e  of  Technology 
(HIT). 

Fundamentals of  Ta r  Format ion  and Removal 

T a r s  and  l i g h t e r  hydrocarbons appear  i n  t h e  raw p roduc t  gas  s t r eams  of  f ixed-bed  
g a s i f i e r s  because  c o n d i t i o n s  a t  t h e  t o p  o f  t h e  bed of c o a l  pe rmi t  c o a l  t o  d e v o l a t i l -  
i z e ,  b u t  t h e  p roduc t s  of d e v o l a t i l i z a t i o n  on ly  p a r t i a l l y  b reak  down. The t y p e  and 
y i e l d s  of t a r s  and l i g h t e r  hydrocarbons  from f ixed-bed  g a s i f i e r s  a t  v a r i o u s  condi -  
t i o n s  and t h e  s u b j e c t  of c o a l  d e v o l a t i l i z a t i o n  i n  g e n e r a l  has  been s t u d i e d  r a t h e r  
e x t e n s i v e l y .  A METC-sponsored s t u d y  by  Washington S t a t e  U n i v e r s i t y  w i l l  p rov ide  a 
compi l a t ion  of  fundamental  f a c t s  abou t  t a r  fo rma t ion  i n  f ixed-bed  g a s i f i e r s  and 
t h e i r  d e s t r u c t i o n  by c a t a l y t i c  o r  the rma l  c rack ing .  The s t u d y  a l s o  i n c l u d e s  empi r i -  
c a l  work t o  f i l l  i n  gaps i n  in fo rma t ion  r e q u i r e d  t o  d e s i g n  MCFC power p l a n t s  i n c o r -  
p o r a t i n g  methods of e l i m i n a t i n g  t a r s  from t h e  f u e l  c e l l  f eed  g a s e s .  A l so ,  s t u d i e s  
sponsored  by t h e  DOE g a s i f i c a t i o n  program a r e  p r o v i d i n g  new d a t a  on t a r  fo rma t ion  
mechanisms. 

The E f f e c t s  of  Ta r  and Other  Contaminants on F u e l  Cel l  Performance and L i f e  

P rev ious  s t u d i e s  have shown p a r t i c u l a t e s ,  s o o t ,  hydrocarbons ,  and t r a c e  e l emen t s  t o  
be p o t e n t i a l l y  d e l e t e r i o u s  t o  MCFC per formance  and l i f e .  Soot  fo rma t ion  i s  a n  impor- 
t a n t  concern  f o r  e f f i c i e n t  u t i l i z a t i o n  of c o a l  gas  i n  MCFC sys tems.  Coal  gas  i s  gen- 
e r a l l y  formed a t  t empera tu res  g r e a t e r  t h a n  t h e  MCFC o p e r a t i n g  t empera tu res  (- 1,830"F 
f o r  a g a s i f i e r  compared wi th  - 1,200°F f o r  MCFC) and t e n d s  t o  d e p o s i t  carbon i n  t h e  
f u e l  c e l l  un le s s  i t s  gas  composi t ion  i s  p r o p e r l y  " s t a b i l i z e d , "  and t h e  s u r f a c e s  and 
t h e  c o n d i t i o n s  t h a t  promote carbon d e p o s i t i o n  a r e  minimized. The p resence  of  hydro- 
ca rbons ,  t a r s  and oils, e t c . ,  can  f u r t h e r  aggrava te  this prohlem. T h e  e f f e c t  of pa r -  
t i c u l a t e  m a t t e r  p r e s e n t  i n  c o a l  g a s  (even  a f t e r  v a r i o u s  c leanup s t e p s )  has  n o t  been  
c h a r a c t e r i z e d  so f a r ,  excep t  f o r  some t h e o r e t i c a l  modeling under a WestinghouselEnergy 
Research  Corpora t ion  (ERC) s t u d y  performed f o r  METC. S i m i l a r l y ,  on ly  some thermo- 
dynamic c a l c u l a t i o n s  have been  performed on t h e  p o s s i b l e  e f f e c t s  of ammonia, a r s e n i c ,  
and o t h e r  t r a c e  e l emen t s .  A ve ry  l i m i t e d  amount of  expe r imen ta l  d a t a  i s  a v a i l a b l e  on 
t h e  p o s s i b l e  e f f e c t s  of  t h e s e  contaminants .  

Tar Cracking  

Three  p re l imina ry  development p r o j e c t s  a t  B a t t e l l e ,  PSI ,  and HIT f o r  t a r  removal 
sponsored  by METC invo lve  t h e  u s e  of  a c r a c k i n g  c a t a l y s t .  
below 1 ppm i s  r e q u i r e d  f o r  MCFC, a p r e l i m i n a r y  goa l  i s  t o  remove a s u f f i c i e n t  quan- 
t i t y  of  t a r  and/or  d e s u l f u r i z e  t h e  remain ing  t a r  so  t h a t  t h e  t a r  s u l f u r  c o n t e n t  does 
not preven t  achievement of  d e s u l f u r i z a t i o n  r equ i r emen t s .  
d i r e c t e d  t o  conve r t  t h e  s u l f u r  i n  t h e  t a r  t o  a form (such  a s  HzS) which can  be  
removed by a h o t  gas  d e s u l f u r i z a t i o n  p r o c e s s .  The r e s u l t s  of  t h e  c a t a l y t i c  c rack ing  
of  c o a l  t a r s  a r e  shown i n  F igu re  10. The PSI s t u d y  i s  aimed a t  i n -p rocess  d e s t r u c -  
t i o n  of  a romat ic  hydrocarbons ,  w h i l e  t h e  HIT s t u d y  i s  concerned wi th  q u a n t i t a t i v e  
unde r s t and ing  of  t h e  thermal  r e a c t i o n s  o f  a romat i c  contaminants  w i th  ca lc ium ox ide .  

S ince  s u l f u r  removal t o  

The B a t t e l l e  s t u d y  i s  

T race  Spec ie s  Removal 

A r e s e a r c h  program i n  suppor t  o f  a h igh- tempera ture  p r o c e s s  f o r  t h e  removal of  s u l f u r  
and a r s e n i c  c o n t a i n i n g  compounds a s  w e l l  a s  o t h e r  t r a c e  contaminants  from coa l -de r ived  
f u e l  gas  was i n i t i a t e d  a t  ERC. 
sys tem which may be r egene rab le  wi th  steam and hydrogen o r  oxygen. T h i s  concept  i s  
suppor t ed  by t h e  f a c t  t h a t  n i c k e l  has  a s t r o n g  a f f i n i t y  f o r  b o t h  s u l f u r  and a r s e n i c  
even a t  low c o n c e n t r a t i o n s  (<  10 ppm). Both t h e  contaminants  a r e  known po i sons  f o r  
t h e  n i c k e l  c a t a l y s t s .  
c i a t i v e  chemiso rp t ion .  A number o f  s t u d i e s  i n d i c a t e  t h a t  a gas  s t r eam can  be  p u r i f i e d  

The p rocess  t o  be exp lo red  u t i l i z e s  a n i c k e l  so rben t  

The a d s o r p t i o n  of  s u l f u r  on n i c k e l  o c c u r s  by  r e v e r s i b l e  d i s s o -  
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to very low levels of sulfur with a nickel-based catalyst, which may be regenerable 
as well. 
control and measurement. 

Figure lla shows the work being conducted in the areas of trace species 

Chloride Removal 

Chloride removal to . 1  to 10 ppm has been established as a requirement for MCFC 
applications. Requirements for other applications have not been established, but 
they are not expected to be as stringent. 
laboratory-scale process to remove HC1 to below 1 ppm. Figure llb shows the work 
being conducted in the area of chloride removal. 

SRI International is developing a 

Nitrogen Removal 

Most of the ammonia emitted from a typical gas producer has been determined to come 
from the reduction of the nitrogen in the fuel. The temperature-pressure relation- 
ships in an atmospheric or low-pressure gas producer are sufficient for the breakdown 
of ammonia in the presence of a catalyst. A large number of such catalysts have 
been manufactured and tested. In general, these catalysts tend to be expensive and 
susceptible to irreversible poisoning by hydrogen sulfide (HzS). Previous experi- 
mental work has indicated that the irreversible poisoning of the catalyst could be 
avoided by removing the H2S from the producer gas prior to exposure to the 
catalyst. It has also been suggested that combining these catalysts with the fuel 
in the gasifier would avoid contact of the evolving HzS gas with the catalyst and 
achieve the desired reduction. 

A project will soon be initiated to explore both methods of ammonia decomposition, 
develop preliminary process economics, and make some preliminary determinations of 
their applicability to full-scale coal-powered gasification systems. 

CONCLUSION 

The results obtained from the ongoing DOE-funded projects related to the chemical gas 
stream cleanup are encouraging. The design data will be available for process engi- 
neers to develop hot gas desulfurization/regeneration systems design using zinc fer- 
rite as the sorbent. 
HzS, COS, and HC1 to less than 1 ppm. 

An alkali meter has been developed which can be used wherever on-line measurements of 
trace alkali metal concentration in hot dirty gas or combustion product streams are 
required. Alkali sorbents have also been identified to remove alkalis to very low 
levels when required. 
to convert the sulfur in the tar to hydrogen sulfide which can be removed by a hot 
gas desulfurization process. 
which will not crack and deposit coke on the electrodes of a molten carbonate fuel 
cell. Another sorbent has been identified for hot removal of the trace contaminants 
(sulfur and arsenic) present in coal gas to sub-ppm levels for MCFC applications. 

The results obtained through efforts on these projects promise to show marked 
improvements in the development of advanced cleanup concepts for controlling and/or 
removing contaminants economically from coal-derived gas streams. Advanced research 
efforts wiil continue as well as efforts to determine the overall technical and 
economic feasibility of these concepts for possible future commercialization by the 
private sector. 
using these concepts could provide advanced coal conversion/utilization system with 
emissions far below these seen from today's coal-fueled power systems. 

Novel sorbents have been identified for potential removal of 

Promising results have been obtained using the novel sorbents 

These sorbents can also convert the tars to compounds 

Successful eventual commercialization of cleanup unit operations 

10 



n 

I 

References  

I 

1.  

2 .  

3 .  

4.  

5 .  

6 .  

7 .  

8. 

9 .  

1 0 .  

11.  

FY 85 Implementation P lan  f o r  t h e  Gas Stream Cleanup Program, Gas S t ream Cleanup 
S e c t i o n ,  U.S. Department o f  Energy, Morgantown Energy Technology Cen te r ,  
August 20, 1984. 

Benjamin, T .  G., E .  H .  Camara, and L .  G .  Marianowski,  "Handbook of Fuel C e l l  
Performance," Prepared  by I n s t i t u t e  of Gas Technology f o r  t h e  U.S. Department of 
Energy, Con t rac t  No. EC-77-C-03-1545, May 1980. 

Healy,  H.  C . ,  e t  a l . ,  "Development of  Molten Carbonate  Fuel  C e l l  Power P l a n t  
Technology," Q u a r t e r l y  Techn ica l  P rogres s  Repor t  No. 2 ,  Prepared  by Uni ted  
Technologies  Corpora t ion  f o r  t h e  Department of Energy, Con t rac t  No. DE-ACO1- 
79ET15440, August 1980. 

Reinstrom, R .  M . ,  e t  a l . ,  "Development of Molten Carbonate Fue l  C e l l  Power 
P l a n t , "  Q u a r t e r l y  Techn ica l  P r o g r e s s  Repor t  f o r  May-July 1980, P repa red  by 
Genera l  E l e c t r i c  Company f o r  t h e  Department of Energy, Con t rac t  No. DE-ACOZ- 
80ET17019, September 1980. 

Monitoring Contaminants i n  Coal-Derived Gas f o r  Molten Carbonate  Fue l  Cel l s ,  
"DOE/METC/82-44," F i n a l  Repor t  by TRW, Prepared  f o r  Argonne Na t iona l  Labora to ry ,  
Con t rac t  No. 31-109-38-6108, May 1981. 

Gr indley ,  T. and G. S t e i n f e l d ,  " D e s u l f u r i z a t i o n  of Hot Coal Gas by Zinc 
F e r r i t e , "  Prepared  f o r  P u b l i c a t i o n  in "Acid and Sour Gas T r e a t i n g  P rocesses"  by 
Gulf Pub l i sh ing  Company, June  1984. 

Meyer, J. P .  and M .  S .  Edwards, "Survey of I n d u s t r i a l  Coal Convers ion  Equipment 
C a p a b i l i t i e s :  High-Temperature,  High-pressure  Gas P u r i f i c a t i o n , "  ORNL/TM-6072, 
Oak Ridge Na t iona l  Labora to ry ,  June  1978. 

High-Temperature Turb ine  Technology Program, FE-2290-27, Phase I ,  Program and 
System D e f i n i t i o n ,  Top ica l  Repor t ,  "Fuels  Cleanup and Turbine  To le rance , "  West- 
inghouse E l e c t r i c  Corpora t ion ,  February  1977. 

V id t ,  E .  J . ,  G. J a b l o n s k i ,  J .  R .  H a m ,  M .  A.  A lv in ,  R .  A .  Wenglarz,  and 
B .  P a t e l ,  "Evalua t ion  of  G a s i f i c a t i o n  and Gas Cleanup P rocesses  f o r  Use i n  
Molten Carbonate  Fuel  C e l l  Power P l a n t s , "  DOE/MC/16220-1306, F i n a l  Repor t ,  
Westinghouse and Davy McKee f o r  t h e  U.S. Department of Energy, Morgantown Energy 
Technology Cen te r .  

" P r o t e c t i o n  of Environment," 40, Code of F e d e r a l  Regu la t ions ,  P a r t s  5 3  t o  80, 
O f f i c e  of t h e  F e d e r a l  R e g i s t e r ,  J u l y  1 ,  1982. 

Frumerman, R . ,  " G a s i f i c a t i o n  Cleanup Requi rements , "  p re sen ted  a t  t h e  Second 
Annual C o n t r a c t o r s '  Meeting on Contaminant Con t ro l  i n  Hot Coal-Derived Gas 
S t reams,  Morgantown, West V i r g i n i a ,  Feb rua ry  17 t o  19 ,  1982. 

3 

11 



GASIFICATION HEAT ENGINE 
PROGRAM PROGRAM 

CHEMICAL GAS STREAM 
CLEANUP PROGRAM 

FLUIDIZED BED FUEL CELL 
COMBUSTION PROGRAM PROGRAM 

Figure 1 .  Cleanup Program Integration 
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Figure 2. Temperature-Pressure Envelopes 

Figure 3. Chemical Gas Stream Cleanup Program 
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Figure 4. Sulfur Removal Projects 

Figure 5. Fuel Gas Desulfurization 
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Figure 6. Zinc Ferrite Sulfidation 
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Figure 7. Alakli Removal Projects 

Figure 8. Alkali Removal Projects 

Figure 9. Tar Removal Projects 
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Figure 10. Catalytic Cracking of Coal Tars (Battelle-PNL) 

Figure 11 a. Trace Species Removal Projects 
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Figure 11 b. Chloride Removal Projects 
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HIGH-TEMPERATURE RE GENERATIVE REMOVAL OF H2S BY POROUS MIXED O X I D E  SORBENTS 

M.J. Bagajewicz,T'and P.K. Sharma 

J e t  Propu ls ion  Laboratory andt Department o f  Chemical Engineer ing 
C a l i f o r n i a  I n s t i t u t e  o f  Technology 

Pasadena, C a l i f o r n i a  91109 

M .  Flytzani-Stephanopoulos, S. Tamhankar,t G.R. Gavalas,' 

ABSTRACT 

Several mixed-metal oxides (ZnFezO4, CuFe204, CuA1204, Cu-Fe-Al-0) Mere i n v e s t i -  
gated as regenerable sorbents f o r  t'he high-temperature removal o f  H2S. A special 
technique was used t o  prepare the  sorbents i n  a h i g h l y  porous form. The sorbents 
were subjected t o  successive s u l f i d a t i o n / r e g e n e r a t i o n  cyc les  i n  a packed bed 
microreactor.  S u l f i d a t i o n  was c a r r i e d  out a t  538-650°C with H ~ S - H ~ O - H Z - N ~  mixtures,  
regenerat ion w i t h  02-N2-H20 mixtures.  The fresh, s u l f i d e d  and regenerated sorbents 
were analyzed by XRO. Sol i d  conversion and pre-breakthrough e x i t  H2S concentrat ion 
are  discussed i n  terms o f  physical  s t r u c t u r e  and thermodynamic proper t ies  o f  the 
sorbents. I n  the  case o f  CuFe204, C~A1204 ??d CuFeAIOx, sorbent performance i s  
discussed i n  terms o f  changes i n  the  o x i d a t i o n  s t a t e s  o f  copper and i r o n  dur ing 
s u l f i d a t i o n .  

INTRODUCTION 

High temperature d e s u l f u r i z a t i o n  o f  coa l -der ived  f u e l  gas o f f e r s  p o t e n t i a l  
improvements on t h e  thermal e f f i c i e n c y  o f  systems using coal g a s i f i c a t i o n  such as 
power p lan ts  (h igh  temperature fuel c e l l s ,  combined c y c l e )  and synthesis gas 
conversion p lan ts  (amnonia, methanol). Over the  l a s t  ten  years, several sorbents 
have been proposed and i n v e s t i g a t e d  f o r  t h e  regenera t ive  removal o f  the  main s u l f u r  
compound, i.e. hydrogen s u l f i d e ,  from f u e l  gas a t  h igh  temperatures. The l e v e l  of 
H2S removal needed depends on the  end use o f  the  fue l  gas. For power p lan t  
combustion purposes, removal down t o  about 100 ppm i s  adequate, b u t  f o r  molten 
carbonate fue l  c e l l  a p p l i c a t i o n s  removal down t o  a l e v e l  o f  1 ppm may be required. \ 

The thermodynamics o f  var ious sorbents have been analyzed i n  (1 )  and ( 2 )  among 
o ther  reports.  Comprehensive surveys o f  experimental work encompassing var ious h igh I 

The o v e r a l l  performance of a sorbent depends on a v a r i e t y  o f  propert ies.  \r 

Thermodynamics and k i n e t i c s  o f  s u l f i d a t i o n  are  obvious fac to rs ,  f o r  they  determine 
t h e  overa l l  s u l f u r  c a p a c i t y  be fore  breakthrough o f  some predetermined leve l  o f  H2S. 
K i n e t i c s  encompasses t h e  r a t e s  of pure ly  chemical steps as we l l  as the r a t e  o f  pore 
d i f f u s i o n  and, more c r u c i a l l y ,  d i f f u s i o n  i n  t h e  s u l f i d e  product layer .  Surface area 
and pore s i z e  d i s t r i b u t i o n  are  very impor tan t  sorbent p roper t ies  as they determine 
t h e  r a t e  of these d i f f u s i o n a l  processes. Zinc oxide, one o f  the most promising and 
w ide ly  s tud ied  sorbents,  has very h igh  e q u i l i b r i u m  constant f o r  s u l f i d a t i o n  but  i n  
i t s  unsupported form s u f f e r s  from slow k i n e t i c s  l i m i t i n g  i t s  s u l f i d a t i o n  capaci ty.  
I r o n  oxide, on t h e  o t h e r  hand, has r a p i d  k i n e t i c s  but  i t s  e q u i l i b r i u m  constant f o r  
s u l f i d a t i o n  i s  n o t  adequate f o r  the  degree o f  H2S removal requ i red  i n  t h e  molten 
carbonate fuel c e l l  a p p l i c a t i o n .  

The o ther  impor tan t  sorbent o roper t ies  r e f e r  t o  s t a b i l i t y  o r  r e g e n e r a b i l i t y  i n  
extended use, the  opera t ing  cond i t ions  requ i red  f o r  regeneration, and t h e  composition 
of  t h e  regenerat ion o f f -gas ,  which l a r g e l y  determines the  choice o f  a downstream 
s u l f u r  recovery process. Using z inc  ox ide  as an example again, i t  i s  we l l  known t h a t  
evaporat ive l o s s  of m e t a l l i c  z inc places an upper l i m i t  on t h e  s u l f i d a t i o n  
temperature. Loss of surface area dur ing  regenerat ion places an upper l i m i t  on the 
temperature o r  necess i ta tes  a more compl icated regenera t ive  t reatment.  The 
regenerat ion off-gas i n c l u d i n g  s u l f u r  d iox ide ,  hydrogen s u l f i d e  and elemental su l fu r  
requ i res  f u r t h e r  t reatment f o r  s u l f u r  recovery. When the  y i e l d  o f  elemental su l fu r  

temperature sorbents have a l s o  been publ ished (1-7).  Y 
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i s  s u f f i c i e n t l y  high, s u l f u r  recovery can be s i m p l i f i e d  w i t h  s i g n i f i c a n t  o v e r a l l  cost  
b e n e f i t s  (6). 

With several o f  t he  thermodynamical ly favorable Hzs sorbents repor ted t o  date, 
slow ra tes  of  reac t i on  and pore d i f f u s i o n ,  s in te r i ng ,  and pore p lugging l i m i t  sorbent 
capaci ty  and degree o f  p u r i f i c a t i o n  under p r a c t i c a l  condi t ions.  Such i s  the case 
w i t h  some comnercial ZnO sorbents where repor ted conversions a t  breakthrough were 
l e s s  than 20 percent. 

Recent research has s h i f t e d  from pure t o  mixed metal oxides w i t h  t h e  goal of 
improving sorbent performance. For example, z inc f e r r i t e  has been found t o  possess 
b e t t e r  capaci ty  and r e g e n e r a b i l i t y  than pure z inc oxide (5) .  Mixed ZnO-CuO has been 
s tud ied  f o r  i t s  b e t t e r  res i s tance  t o  sur face area l o s s  (8) and var ious o the r  mix tures 
i n c l u d i n g  ZnO-Cr203 and ZnO-A1 03 have been s tud ied  w i t h  the o b j e c t i v e  o f  in -  
creas ing the  y i e l d  o f  elementa? s u l f u r  du r ing  regenerat ion (6). Mixed oxides form 
var ious d i s t i n c t  c r y s t a l l i n e  phases o r  s o l i d  compounds, and should genera l l y  possess 
d i f f e r e n t  thermodynamic p r o p e r t i e s  and r e a c t i v i t y  with respect t o  reduct ion,  s u l f i d a -  
t i o n ,  and regenerat ion react ions.  This  has so f a r  received l i m i t e d  a t ten t i on .  

The preceding d iscuss ion emphasizes the  v a r i e t y  o f  p roper t i es  impact ing sorbent 
performance and p o i n t s  ou t  t he  need f o r  synthes is  o f  sorbents combining several 
des i rab le  proper t ies.  On-going research a t  the J e t  Propuls ion Laboratory  aims at  
developing improved sorbents f o r  d e s u l f u r i z a t i o n  o f  ho t  coal -der ived gas streams. 
Two classes o r  sorbents have been developed (9,lO) both character ized by rap id  
k i n e t i c s  o f  absorpt ion and good sorbent r e g e n e r a b i l i t y  du r ing  operat ion a t  500-700OC. 
D e t a i l e d  desc r ip t i on  o f  t h e  f i r s t  c lass o f  sorbents, which cons is t  o f  supported mixed 
oxides t h a t  form e u t e c t i c  mel ts  coa t ing  the pores o f  h igh  sur face area supports a t  
t h e  operat ing temperatures, can be found i n  recent repor ts  (9.10). I n  t h i s  paper, we 
l i m i t  our d iscuss ion t o  t h e  second c lass  o f  sorbents i nves t i ga ted  i n  our work. This 
cons is t s  o f  unsupported mixed oxides forming h i g h l y  dispersed s o l i d  s o l u t i o n s  or 
s o l i d  compounds character ized by small c r y s t a l l i t e  size, h igh p o r o s i t y  and r e l a t i v e l y  
h i g h  sur face areas. The sorbent i s  a m ix tu re  o f  Cu or Zn oxides with one o r  both o f  
A1 and Fe oxides prepared i n  a specia l  manner which provides the sorbent i n  a h i g h l y  
porous form w i t h  a range o f  pore sizes. This  prevents f o u l i n g  o f  t he  sorbent dur ing 
absorpt ion and/or regenerat ion cycles. 

EXPERIMENTAL 

a] Sorbent Preparat ion 
Several methods are descr ibed i n  the  l i t e r a t u r e  (11-14) f o r  synthes iz ing h i g h l y  

d ispersed mixed oxides. E a r l y  attempts t o  form h i g h  sur face area metal oxide 
sorbents by p r e c i p i t a t i n g  mixed carbonates from homogenous s a l t  so lu t i ons  f o  lowed by 

bu lk  sorbents e i t h e r  i n  s i n g l e  or  mixed form were then prepared by a technique tha t  
r e s u l t e d  i n  h igh  pore volume and sur face area. Fol lowing a general procedure 
suggested i n  the  l i t e r a t u r e  (14). an aqueous s o l u t i o n  o f  thermal ly  decomposable metal 
s a l t s  i n  the  des i red  p ropor t i on  and an organic po l y func t i ona l  ac id  con ta in ing  at  
l e a s t  one hydroxy - and a t  l e a s t  one ca rboxy l i c  f u n c t i o n  i s  r a p i d l y  dehydrated under 
vacuum a t  a temperature o f  7OOC. An amorphous s o l i d  foam forms which i s  ca lc ined at 
an e levated temperature above 300OC. usua l l y  5OOOC t o  6OO0C, t o  form a mixed oxide 
phase. The c r y s t a l l i z e d  mixed oxides thus formed are homogenous and h i g h l y  porous. 

Th is  method was used t o  prepare the  bu lk  sorbens CF (CuFez04) ZF (ZnFe204). CA 
(CuA1204), C.FA ( X u 0  Fez03 AlzO3). and others. A l l  these ma te r ia l s  were prepared as 
d ispersed m i c r o c r y s t a l l i n e  s o l i d s  w i t h  h igh  po ros i t y .  To i l l u s t r a t e  the  porous 
s t r u c t u r e  o f  these so l  i ds ,  scanning e l e c t r o n  micrographs (SEM) o f  copper f e r r i t e  
(CuFeZO4), before and a f t e r  s u l f i d a t i o n ,  are depic ted i n  F igure 1. The micrographs 
show very l a r g e  (2 10,m) as we l l  as submicron s i z e  pores. The gross porous s t ruc tu re  
be fo re  and a f t e r  s u l f i d a t i o n ,  appears very s i m i l a r .  X-ray d i f f r a c t i o n  ana lys i s  (XRD) 
us ing  Cu Kn source on a Siemens A l l i s  D 500 inst rument  showed t h a t  t he  mixed oxides 
ZnO-FezOj and CuO-Fe 03 had the  f e r r i t e - s p i n e l  s t ruc tu re ,  ZnFez04 and CuFe204, re- 
spec t i ve l y ,  wh i l e  Cu6-AlzO3 formed the  aluminate sp ine l  CuA1204. The CFA sorbent had 

d r y i n g  and c a l c i n i n g  resu l ted  i n  ma te r ia l s  o f  low sur face area, about 5-8m 4 /g. The 
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F i g u r e  1. Scann ing  E l e c t r o n  M ic rog raphs  o f  F resh  and S u l f i d e d  Copper F e r r i t e .  
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a surface area of 26 m2/g and consis ted o f  c r y s t a l l i n e  CuO, FeA1204, CuFe204, and 
amorphous A1203 phases. Low angle XRD ana lys i s  ofe ZnFe20q revealed a m ic roc rys ta l -  
l i n e  s t r u c t u r e  w i t h  average c r y s t a l l i t e  s i z e  of 890A. 

b) 
The expJriments wer: performed i n  a qua r t z  microreactor ,  1 cm 1.0. x 4 1  cm 

length, mounted v e r t i c a l l y  i n s i d e  an e l e c t r i c  furnace and instrumented w i t h  a K-type 
thermocouple moving i n s i d e  a quar tz  thermowell  (0.3 cm I.D.) concen t r i c  t o  t h e  
reactor .  The sorbents were loaded i n  t h e  microreactor  as -20+40 mesh p a r t i c l e s .  
The unsupported sorbents were mixed w i t h  low sur face area z i r c o n i a  or alumina 
p a r t i c l e s ,  which served as an i n e r t  f i l l e r .  The use o f  the i n e r t  p a r t i c l e s  a l lows t o  
compress the experimental run t ime  by decreasing the  bed capacity, wh i l e  ma in ta in ing  
t h e  same space ve loc i t y .  D i f f e r e n t  gases from c y l i n d e r s  passed through p u r i f i e r s  and 
then  throL. ' i  c a l i b r a t e d  f lowmeters i n t o  a comnon gas l i n e .  The gas m ix tu re  then 
passed through the reac to r  i n  the  upward o r  downward d i r e c t i o n .  The l i n e s  l ead ing  t o  
the  reac to r  were heated and insulated.  Ni t rooen bubbl ing through water maintained at 
constant  temperature i n  a 3-neck f l a s k  assembly was used t o  in t roduce known amounts 
o f  water vapor i n t o  the feed gas stream. Temperatures a t  var ious l o c a t i o n s  i n  t h e  
reac to r  system were monitored by K-type thermocouples connected t o  a multi -channel 
d i g i t a l  readout. The reac to r  pressure i n  a l l  cases was s l i g h t l y  above atmospheric. 

The experiments consis ted o f  consecutive s u l f i d a t i o n  and regenerat ion runs. I n  
a s u l f i d a t i o n  run the  s u l f u r - f r e e  sorbent was exposed t o  a feed gas con ta in ing  
H2(15-30%), H 0(7-!5%), H2S(0.2-1%) and N2 (ba lance) .  The temperature was i n  the  
range o f  50O$0ODC and was he ld  f i x e d  f o r  t h e  du ra t i on  o f  s u l f i d a t i o n .  Sul f ided 
sorbents were regenerated us ing  a n i t r o g e n - a i r  o r  steam-air m ix tu re  a t  temperatures 
o f  600-750OC. The product gas was passed through i c e  t raps  t o  condense any elemental 
s u l f u r  formed and was analyzed f o r  H2S and SO2 by a gas chromatograph HP-5830A 
equipped w i t h  a flame photometric detector .  An absorber loop con ta in ing  i od ine  
so lu t i on ,  i n s t a l l e d  i n  the  e x i t  l i n e  from t h e  gas-sampling valve, was used f o r  t he  
ana lys i s  o f  t he  t o t a l  s u l f u r  gases (HzS, SO21 produced dur ing regeneration. The 
amount o f  s u l f u r  gases absorbed was determined by t i t r a t i n g  the  excess i od ine  with a 
sodium t h i o s u l f a t e  so lu t i on .  Elemental s u l f u r  c o l l e c t e d  i n  the t r a p s  was d isso lved 
i n  a sodium s u l f i t e  s o l u t i o n  and analyzed by a standard iodometr ic  t i t r a t i o n  method. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Reactor S stem and Ex er imenta l  Procedures 

The r e s u l t s  presented i n  t h i s  sec t i on  concern the concentrat ion o f  hydrogen 
s u l f i d e  i n  the product gas du r ing  sorbent s u l f i d a t i o n .  I n  a t y p i c a l  experiment t h i s  
concentrat ion r i s e s  very s low ly  a t  f i r s t  u n t i l  a c e r t a i n  t ime  a f t e r  which it r i s e s  
r a p i d l y  t o  the i n l e t  value. The t ime o f  t h i s  abrupt change of  s lope i s  c a l l e d  the 
breakthrough time, and the  whole concen t ra t i on  vs. t ime curve i s  sometimes c a l l e d  a 
breakthrough curve. I n  the  absence o f  t ranspor t  and k i n e t i c  l i m i t a t i o n s  the 
breakthrough curve would be the  s tep func t i on ,  y=ye a t  t<t*, y=yo a t  t> t * ,  where 
ye, yo are the e q u i l i b r i u m  and i n l e t  mole f r a c t i o n s  o f  hydrogen su l f i de ,  and t* i s  
t h e  t h e o r e t i c a l  breakthrough t ime, i.e., the t ime  requi red f o r  complete s u l f i d a t i o n  
of t he  sorbent. F i n i t e  r e a c t i o n  and d i f f u s i o n  rates,  a x i a l  d i spe rs ion  and channeling 
produce experimental breakthrough curves t h a t  are smoothly sloping. The f r a c t i o n a l  
conversion a t  the actual  breakthrough t ime  prov ides a measure of  sorbent u t i l i z a t i o n  
e f f i c i ency ,  wh i l e  t h e  l e v e l  o f  HzS before breakthrough i s  a l so  an impor tant  measure 
o f  sorbent performance. 

The r e s u l t s  below are presented and discussed i n  terms o f  t h e  mole f r a c t i o n  o f  
H2S i n  the product gas versus the  normalized t ime  t/t* (sorbent  conversion). 

ZnFe204 Sorbents 

Zinc f e r r i t e  i s  one o f  t he  most e f f i c i e n t  H2S sorbents. Extens ive lab-and/ 
bench-scale t e s t s  w i t h  ZnFeZ04 have been performed a t  DOE/METC (5). The ma te r ia l  
used i n  t h a t  work was prepared by Uni ted Cata lysts ,  Inc., by the  conventional 
technique o f  high-temperature (>800"C) hea t ing  o f  mix tures o f  the pure ox ide powders. 
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The surface area of t h i s  z inc  f e r r i t e ,  designated METC-ZF, i s  -5  m2/g and i t s  pore 
volume -0.3 cc/g. 

The performance of porous z inc  f e r r i t e  (ZF) synthesized i n  t h i s  work w i t h  high 
su r face  area and l a r g e  pore s i z e  was tes ted  i n  the  quar tz  microreactor  and compared 
t o  t h e  METC-ZF sorbent a t  t he  same operat ing cond i t i ons .  Both sorbents were used as 
-20 +40 mesh p a r t i c l e s  mixed w i t h  low sur face area alumina p a r t i c l e s .  

A t  538OC (lOOO°F) su l  f i d a t i o n  temperature, the s t a b l e  pre-breakthrough 
conversion o f  ZF sorbent  was >0.75, wh i l e  t h a t  o f  METC-ZF was 0.35-0.40. Both 
sorbents were capable o f  removing H2S from -2500 ppm t o  l ess  than 1 ppm l e v e l  w i t h  
a feed gas c o n t a i n i n g  20 v o l %  H2 and 6.5 vo l% H20. The h ighe r  conversion o f  ZF 
must be a t t r i b u t e d  t o  i t s  d i f f e r e n t  phys ica l  p roper t i es .  SEM micrographs o f  the 
s u l f i d e d  ZF and METC-ZF sorbents show t h a t  t he  pore s t r u c t u r e  o f  the two i s  very 
d i f f e r e n t ,  w i t h  METC-ZF l a c k i n g  the  l a r g e  pores of  ZF. The gross morphological 
f ea tu res  o f  t h e  l a t t e r  were t h e  same before and a f t e r  s u l f i d a t i o n  which i s  i n d i c a t i v e  
o f  h igh  a c c e s s i b i l i t y  t o  H2S and l i m i t e d  or no pore mouth b lock ing.  

S i m i l a r l y  h igh  convers ion (>0.75) was obtained w i t h  ZF a t  a l l  temperatures 
538-65OOC and w i t h  a s u l f i d a t i o n  gas con ta in ing  15-208 He,  7,-25% H20, 0.21% H2S, 
balance N2 by volume. F igure 2 shows H2S breakthrough curves w i t h  the  ZF sorbent a t  
6OOOC sulfidation/regeneration. Very sharp e l u t i o n  p r o f i l e s ,  i n d i c a t i v e  o f  f a s t  
r e a c t i o n  and d i f f u s i o n  rates,  are observed i n  t h i s  f igure.  A l i m i t a t i o n  o f  a l l  z inc 
f e r r i t e  sorbents, however, i s  t h a t  a t  s u l f i d a t i o n  temperatures I p O O O C ,  z i nc  metal 
l o s s  takes p lace ( v i a  reduc t i on  of ZnO). I n  deposi ts  c o l l e c t e d  from the  coo le r  pa r t  
o f  t he  reac to r  tube, z inc  has been i d e n t i f i e d  by Atomic Absorption (AA) analys is .  
Loss o f  z inc could no t  be prevented even w i t h  h igh  H20 and low H2 concentrat ions i n  
t h e  feed gas. A t  6OO0C, a t  t h e  cond i t i ons  of F igure 2, the r a t e  o f  evaporative Zn 
l o s s  was 8 and 26 weight  percent per  1000 hours at  space v e l o c i t i e s  o f  2100 and 6900 
h r - l , r espec t i ve l y .  The corresponding content o f  Zn vapor i n  the gas phase was -1.3 
ppm, c lose t o  the e q u i l i b r i u m  value f o r  the ZnO reduct ion.  Therefore, under t y p i c a l  
s u l f i d a t i o n  cond i t i ons ,  ZnO reduc t i on  w i l l  r a p i d l y  reach equ i l i b r i um.  A slow 
d e c l i n e  i n  conversion, observed between the  f i r s t  and f o u r t h  cyc les o f  s u l f i d a t i o n  / 
regenerat ion i n  F igu re  2, may be a t t r i b u t e d  t o  z inc metal loss. 

CuFe204 Sorbents 

Bulk porous copper f e r r i t e  was inves t i ga ted  w i t h  the hope o f  avoid ing two 
d i f f i c u l t i e s  t h a t  a r i s e  w i t h  zinc-based sorbents, namely the l oss  o f  m e t a l l i c  zinc at  
temperatures ~600OC and t h e  h igh  (270OOC) regenerat ion temperatures requi red for 
decomposition o f  z inc  s u l f a t e .  

Copper ox ide by i t s e l f  i s  known t o  reduce t o  the metal under the  condi t ions of 
temperature and feed composit ion employed. M e t a l l i c  copper, i n  turn,  i s  s u l f i d e d  
accord ing t o  t h e  r e a c t i o n  

> 

2 C U  + H2S = C U ~ S  + H2 1)  

For a feed gas w i t h  20 mol% H2, the e q u i l i b r i u m  HzS l e v e l  i s  44.5 ppm a t  538OC 
and 89 ppm a t  650OC. Although these l e v e l s  are q u i t e  h igh  i t  was thought t h a t  the 
e q u i l i b r i u m  w i t h  copper f e r r i t e  could be lower because o f  i t s  d i f f e r e n t  c rys ta l  
s t ruc tu re .  

The copper f e r r i t e  (CF) sorbent was prepared by t h e  technique described e a r l i e r .  
H2S breakthrough curves i n  several s u l f i d a t i o n  cyc les at  538OC showed t h a t  the pre- 
b r e a k t h w j h  sorbent convers ion was h igh  (-0.80) and s tab le  (over 6 cyc les) ,  Figure 
3. I n  a l l  cases the  pre-breakthrough H2S l e v e l  was below the value o f  44.5 ppm 
c a l c u l a t e d  f o r  t he  e q u i l i b r i u m  o f  reac t i on  1. I n  fac t ,  t he  H2S l e v e l  remained 
below 2 ppm u n t i l  0.5 conversion and then g radua l l y  increased t o  4 0  ppm when the 
conversion reached 0.78. 

I n  two su l f ida t ion / regenera t ion  cyc les c a r r i e d  out  a t  6OO0C, sub-equi l ibr ium 
H2S l e v e l s  were again measured t i l l  breakthrough, which occurred a t  -0.80 sorbent 
conversion. A t  65OOC s u l f i d a t i o n  temperature, however, w h i l e  a s i m i l a r l y  h igh and 
s t a b l e  sorbent convers ion took place, t he  pre-breakthrough HzS l e v e l  a t  0.80 
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sorbent conversion was 85-90 ppm, c lose  t o  t h e  e q u i l i b r i u m  f o r  reac t ion  1. Up 
t o  0.20 sorbent conversion, sub-equ i l ib r ium H2S l e v e l s  were measured, perhaps 
i n d i c a t i v e  o f  chemisorpt ion e f fec ts .  

Charac ter iza t ion  o f  f resh, s u l f i d e d  and regenerated samples o f  CF-sorbents was 
performed by SEM and XRD analyses. As shown i n  F igure  1, t h e  gross porous s t ruc tu re  
o f  t h e  sorbent before and a f t e r  s u l f i d a t i o n  appeared very s i m i l a r  i n  SEM (as i n  the  
case of z inc  f e r r i t e ) .  XRD ana lys i s  o f  the sorbent s u l f i d e d  a t  538OC i d e n t i f i e d  the  
mixed s u l f i d e  compound CuFeS2 (cha lcopy r i t e )  a long w i t h  Fei-xS, Fe304~ unconverted 
CuFe?Oq and some amorphous mater ia l .  I n  t h e  sample s u l f i d e d  a t  650°C, the  phase 
CuFeS2 was absent, w h i l e  the re  was i n d i c a t i o n  o f  a poo r l y  c r y s t a l l i n e  Cu2s phase. 

These r e s u l t s  suggest t h a t  a t  538-600°C s u l f i d a t i o n  temperatures, CuO i s  s t a b i l -  
i z e d  towards reduc t ion  i n  the  f e r r i t e - s p i n e l .  The presence o f  CuFeS2 i n  the  sample 
s u l f i d e d  a t  538OC along w i t h  the  observed pre-breakthrough H2S l e v e l s  correspond t o  
t h e  su l  f i  d a t i  on reac t ion :  

CuFe02 + H2S = CuFeS2 + H20 2) 

The in te rmed ia te  compound CuFe02 ind i ca tes  a step-wise reduc t ion  o f  CuFezOq . 
The e q u i l i b r i u m  H2S l e v e l s  f o r  reac t i on  2 were c a l c u l a t e d  by us ing  thermodynamic 
values f o r  t he  compound Cu20.Fe 0 (15). These are  i n  agreement w i th  the  
experimental H2S l e v e l s ,  and much f e j o w  the  values f o r  m e t a l l i c  copper s u l f i d a t i o n ,  
reac t i on  1. A t  t h e  h i g h e r  s u l f i d a t i o n  temperature o f  65OOC. reduc t ion  t o  m e t a l l i c  
copper i s  very  f a s t ,  and c o n t r o l s  t h e  pre-breakthrough l e v e l s  o f  H2S a f t e r  an 
i n i t i a l  sorbent conversion o f  0.15-0.20 a t  sub-equ i l ib r ium H2S e x i t  leve ls .  

C u A l p o ~  Sorbents 

The s t a b i l i t y  o f  porous copper aluminate (CA)  o f  the sp ine l  c rys ta l  s t ruc tu re  
was inves t i ga ted  i n  a ser ies  o f  sulf idat ion/regenerat ion t e s t s  a t  538-650OC. The 
r e s u l t s  were very s i m i l a r  t o  copper f e r r i t e .  Thus, a t  538-600°C, the  H S 
pre-breakthrough l e v e l s  were below the  e q u i l i b r i u m  f o r  reac t ion  1, and h igh  (>0.7g, 
based on Cu2S) and s t a b l e  (over 5-6 cyc les)  sorbent conversion was observed. 
Copper i n  t h e  +2 o r  +1 o x i d a t i o n  s t a t e  was apparent ly  s t a b i l i z e d  i n  t h e  alumina 
m a t r i x  and c o n t r o l l e d  t h e  e x i t  l e v e l  o f  H2S t i l l  breakthrough. A t  65OoC, the  HzS 
e x i t  l eve l s  a f t e r  -0.20 sorbent conversion corresponded t o  s u l f i d a t i o n  o f  m e t a l l i c  
copper. With copper aluminate, however, s t r u c t u r a l  changes t h a t  occurred a t  65OOC 
were reversed when t h e  temperature was lowered t o  538OC. This was not t r u e  w i th  
copper f e r r i t e  sorbents. 

M i  xed Cu-Fe-Al-0 (CFA) Sorbents 
I n  view o f  t h e  enhanced s t a b i l i z a t i o n  o f  copper oxide i n  copper aluminate sor-  

bents, a mixed copper f e r r i t e - c o p p e r  aluminate m a t e r i a l ,  CFA w i t h  ZCuO:Fe~03:A1203 
molar r a t i o  was prepared i n  porous bu lk  form ( w i t h  26 m2/g surface area) as a 
p o t e n t i a l  sorbent f o r  h igher  (>6OO0C) temperature H2S removal. Under s i m i l a r  
opera t ing  cond i t ions ,  t h i s  sorbent was super io r  t o  e i t h e r  copper f e r r i t e  or  copper 
aluminate i n  regard t o  pre-breakthrough H2S l eve l s ,  which were lower than t h e  
e q u i l i b r i u m  o f  r e a c t i o n  1 a t  a l l  temperatures, 538-650OC. An example i s  shown i n  
F i g u r e  4 f o r  650°C s u l f i d a t i o n  temperature w i t h  a gas conta in ing  20 ~ 0 1 %  H2, 25 ~ 0 1 %  
i i20 ,  i v o i %  ti2$.,  aaiance NE. The performance was s tab le  over f i v e  cycles of 
sulfidation/regeneration w i t h  a h igh  pre-breakthrough sorbent conversion of 0.75. I n  
add i t ion ,  remarkably h igh  H2S removal e f f i c i e n c y  was achieved by t h i s  sorbent, w i th  
pre-breakthrough H S l e v e l s  i n  t h e  range o f  0-10 ppm up t o  0.50 sorbent conversion 
and less  t h a n  35-40 ppm a t  breakthrough. These l e v e l s  a re  we l l  below the  
corresponding e q u i l i b r i u m  (89 ppm) f o r  m e t a l l i c  copper s u l f i d a t i o n  a t  650°C. 

X R D  ana lys i s  o f  t h e  f resh  and s u l f i d e d  ( a f t e r  cyc le  4) CFA sorbent was per- 
formed t o  i d e n t i f y  s t a b l e  c r y s t a l l i n e  phases t h a t  may be responsible f o r  t he  improved 
Performance of t h i s  sorbent. The f resh  CFA cons is ted  of  CuFe204, CUO, FeA1204 and 
some amorphous ma te r ia l  (probably A1203), w i t h  FeA1204 ( i r o n  aluminate) i n  h igh ly -  
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m i c r o c r y s t a l l i n e  form. The s u l f i d e d  sample conta ined CuS, FeS and CuFe2S3 along 
w i t h  amorphous ( t o  XRD) alumina. These r e s u l t s  are very important, i n d i c a t i v e  o f  
s t a b i l i z a t i o n  o f  both Cu2+ and Fez+ i n  the  sorbent m a t r i x  and associated improved 
absorpt ion e q u i l i b r i a .  

Addi t ional  t e s t i n g  o f  t h e  s t a b i l i t y  and performance o f  t he  CFA sorbent was 
conducted w i t h  a coal g a s i f i e r  gas s imulant  con ta in ing  17% H2, 12% CO, l O % C O ~ ,  
24% H20, 0.5-1% H2S, balance N2 by volume. S i m i l a r  r e s u l t s  t o  those shown i n  
F igu re  4 were obtained. D i f f e r e n t  cond i t i ons  used i n  regenerat ion d i d  not  a f f e c t  the 
performance o f  t he  sorbent. Other parametr ic  s tud ies  w i t h  CFA inc luded t e s t i n g  a t  a 
lower  (-1000 h r -1 )  space v e l o c i t y ,  and d i f f e r e n t  H S concentrat ions i n  t h e  su l f i da -  
t i o n  gas. No s i g n i f i c a n t  e f f e c t  on the sorbent performance was observed. A t o t a l  o f  
fourteen cyc les o f  su l f i da t i on / regenera t i on  were run w i t h  CFA a t  650OC. The surface 
area o f  t h e  s u l f i d e d  sorbent a t  t he  end o f  t he  fou r teen th  cyc le  was -8m*/g, s t i l l  
a moderately h igh  value, e s p e c i a l l y  a f t e r  the f requent  and extended use o f  CFA at  
7OOOC (du r ing  regenerat ion) .  

Another se r ies  o f  t e s t s  w i t h  a d i f f e r e n t  batch o f  CFA sorbent were conducted at  
t h e  h igher  temperature o f  830°C w i t h  a reactant  m ix tu re  con ta in ing  30 mol% H2, 17 
mol% H20, 1 mol% H2S. balance Np, s imu la t i ng  the  Texaco g a s i f i e r - f u e l  gas. I n  three 
cyc les,  breakthrough o f  H S took p lace a t  complete (100%) sorbent conversion, whi le  
t h e  pre-breakthrough H2S f e v e l  was zero up t o  -0.20 sorbent conversion and 250-270 
ppm u n t i l  f i n a l  breakthrough. These r e s u l t s  i n d i c a t e  t h a t  t he  CFA sorbent 
formulat ion has p o t e n t i a l  f o r  h ighe r  temperature (up t o  -8OO'C) app l i ca t i ons ,  such as 
mol ten carbonate f u e l  c e l l s  and combined-cycle power p l a n t s  employing gas turb ines.  

CONCLUSIONS 

Sorbents prepared i n  t h i s  work w i t h  l a r g e  pore s i z e  (0.5-10pm) and r e l a t i v e l y  
h igh  surface area (10-25mZ/g) have been found t o  e x h i b i t  improved performance f o r  hot 
gas cleanup a p p l i c a t i o n s  over conventional s in te red  mater ia ls .  Th i s  i s  d isp layed by 
sharp H2S e l u t i o n  p r o f i l e s  i n d i c a t i n g  r a p i d  reac t i on  and d i f f u s i o n  rates,  and minimal 
pore plugging, which a l l  r e s u l t  i n  h i g h  absorpt ion capaci ty ,  s t a b i l i t y  and good 
r e g e n e r a b i l i t y  o f  sorbents. 

Novel mixed ox ide porous sorbents have been synthesized i n  t h i s  work which 
e x h i b i t  improved thermodynamic p roper t i es  i n  a d d i t i o n  t o  t h e i r  phys ica l  a t t r i b u t e s .  
For  example, t h e  mixed Cu-Fe-Al-0 (CFA) sorbent shows much h igher  H S removal 
e f f i c i e n c y  than each o f  the pure cons t i t uen ts  alone. ZnO-containing so r ien ts  have 
been found t o  l o s e  z i n c  du r ing  s u l f i d a t i o n  ( v i a  reduc t i on  o f  ZnO) a t  temperatures - >600°C. For h igher  temperature app l i ca t i ons  the Cu-based sorbents appear t o  be more 
a t t r a c t i v e .  I n  p a r t i c u l a r ,  t h e  CFA sorbent has shown s t a b l e  and h igh  performance 
over a v a r i e t y  o f  s u l f i d a t i o n  cond i t i ons  a t  650OC. The HpS removal e f f i c i e n c y  o f  
t h i s  sorbent and suppor t i ng  XRD ana lys i s  data c o r r e l a t e  we l l  w i t h  complex react ion 
in termediates r e t a i n i n g  copper a t  a h igher  o x i d a t i o n  s t a t e  (+2 o r  +1) w i t h  associated 
b e t t e r  sul f i  d a t i  on e q u i l  i b r i  a. 

Addi t ional ,  more d e t a i l e d  t e s t i n g  and cha rac te r i za t i on  o f  these types o f  
sorbents are planned i n  f u t u r e  work t o  e l u c i d a t e  t h e  mechanism o f  high-temperature 
Sol id-phase t rans fo rma t ions  and reac t i ons  responsib le  f o r  t h e  observed sorbent 
performance and s t a b i l i t y .  

REFERENCES 

1. "Chemistry o f  Hot  Gas Cleanup i n  Coal G a s i f i c a t i o n  and Combustion," MERC Hot Gas 
Cleanup Task Force. MERC/SP-78/2, February 1978. 

2. "Studies l n v o l  v i  ng High Temperature Desui f u r i  zat ion/Regeneration Reactions of I 
Metal Oxides f o r  t h e  Fuel C e l l  Program, F i n a l  Report t o  DOE, Contract NO. 1 
31-109- 38-5804, by Giner, Inc., Waltham Massachusetts, February 1981. 

3. Westmoreland, P.R., Gibson, J.B. and Harr ison,  D.P., Environ. Sci. Technol. 11, 
488 (1977). 

24 



I 

REFERENCES (con t  .) 

4. Westmoreland, P.R. and Harr ison,  D.P., Environ. Sci. Technol. E,  659 (1976). 

5. Grindley, T. and S te in fe ld ,  G., "Development and Test ing o f  Regenerable Hot Coal 
Gas D e s u l f u r i z a t i o n  Sorbents,'' METC, DOE/MC/16545-1125, October 1981. 

6. Anderson, G.L. and Garrigan, P.C., "Gas Processin!, Technology f o r  I n t e g r a t i n g  
Coal G a s i f i e r s  w i t h  Molten Carbonate Fuel Cel ls .  Paper presented a t  the 
Electrochemical Society  Meeting, Montreal, Quebec, Canada, May 10-12, 1982. 

7. Stegen, G.E., "Development o f  a S o l i d  Absorption Process f o r  Removal o f  S u l f u r  
from Fuel Gas," F i n a l  Report DE-AC21-79ET11028 B a t t e l l e ,  P a c i f i c  Northwest 
Laborator ies,  March 1982. 

8. J a l  an, V., "Studies I n v o l v i n g  High Temperature Desul f u r i  zat ion/Regeneration 
Reactions of  Metal Oxides f o r  Fuel C e l l  Development ," F i n a l  Report,  DOE/MC/16021- 
1486, October 1983. 

9. Flytzani-Stephanopoulos, M., Gavalas, G.R. and Tamhankar. S.S., "Novel Sorbents 
f o r  H i  gh-Temperature Regenerative H2S Removal , 'I  Topica l  Report t o  DOE, DOE/MC/ 
20417-3, J e t  Propuls ion Laboratory, J u l y  1984. 

10. Flytzani-Stephanopoulos, M., Gavalas, G.R., Tamhankar, S.S. and Sharma, P.K., 
"Novel Sorbents f o r  H i  gh-Temperature Regenerative H2S Removal ." Q u a r t e r l y  Report 
t o  DOE, DOE/MC/20417-4, J e t  Propuls ion Laboratory, December 1984. 

11. Longo, J.M., Horowitz, H.S. and Clavenna, L.R., " A  Low Temperature Route t o  
Complex Oxides." Advances i n  Chemistry Ser ies No. 186, p. 139, American Chemical 
Society, Washington, D.C., 1980. 

12. Singh, B.N.. Banerjee, R.K. and Arora, B.R., J. Thermal A n a l y s i s E ,  5 (1980). 

13. Kolta, G.A.. E l -Tawi l ,  S.Z., Ibrahim, A.A. and F e l i x ,  N.S., Thermochim. Acta 36, 

14. Y a r c i l l y ,  C., Courty. P. and Delmon, 8.. J. Am. Cer. SOC. 2, No.1, 56 (1970). 

15. Ba r r i n ,  I .  and Knacke, 0.. "Thermochemical P roper t i es  o f  I no rgan ic  Substances," 

ACKNOWLEDGEMENT 

This work was c a r r i e d  out  under an in teragency agreement (DE-AI21-83MC20417) 

359 (1980). 

Springer Verlag, 1973. 

between NASA and the Department o f  Energy, Morgantown Energy Technology Center. 

25 



SOLID SUPPORTED MOLTEN SALT HOT GAS CLEANUP 
FOR CARBONATE F U E L  C E L L  POWER PLANTS. 

S. E. Lyke 

Bat te l  le ,  Pacif ic  Northwest Laboratories 
P.O. Box 999, Richland, Washington 99352. 

IMTRODUCT ION 

A regenerable sorbent  f o r  removing s u l f u r  from hot fue l  gas was developed 
a t  Ba t t e l l e ,  Pac i f ic  Northwest Laboratories by supporting molten carbonates in 
porous ceramic p e l l e t s .  Recent development work has shown t h e  sorbent t o  be a 
promising candidate t o  meet t h e  s t r ingent  cleanup requirements f o r  coal 
gas i f ica t ion  molten carbonate  fuel c e l l  power p lan ts  while allowing elemental 
s u l f u r  recovery and maintaining high power production eff ic iency.  Solid 
supported molten s a l t  (SSMS) d i f f e r s  from other  methods of  hot gas cleanup i n  
tha t  the react ion products dissolve i n  t he  molten carbonate matrix resu l t ing  
i n  a t h e o r e t i c a l l y  unlimited extent of  contaminant removal. If only a s o l i d  
react ion product i s  formed, removal cannot proceed below the level a t  which 
the contaminant in  the  cleaned gas i s  i n  equilibrium with t h a t  so l id .  At the 
clean end of an SSMS absorber  the concentrat ions of react ion product su l f ides  
and chlor ides  i n  t h e  sorbent  approach zero and the concentration of 
contaminants i n  the cleaned gas  can a l s o  approach zero. 
l imited only by t h e  s i z e  of t h e  bed, mass t r a n s f e r  e f f ic iency  and the  degree 
of regeneration. 

The approach i s  

This paper begins by presenting the background and the overa l l  approach 
and scope of the recent  developmental e f f o r t .  Nore d e t a i l  i s  then given on 
equilibrium measurements, mass t r a n s f e r  performance and modeling of the H2S 
absorption and regenerat ion s teps .  
process flowsheet development and prel  iminary economics. 

The paper c loses  with a discussion of  

BACKGROUND 

The revers ib le  reac t ion  of  H2S w i t h  molten carbonates has been under study 
a t  Bat te l le  Northwest s ince  1974 ( 1 ) .  

MC03 ( c )  + H2S(g) = MS(P,) t C02(g) t H20(g), 

Where "MI' represents  L i  2, Na2. K2 o r  Ca. 

1 )  

A process was f i r s t  developed based on continuous, countercurrent  gas 
l iqu id  contacting (2). Absorption of H2S and par t icu la tes ,  deentrainment and 
regeneration of  the carbonate  were demonstrated i n  a process development uni t  
(PDU) operating w i t h  gas  from an a i r  blown, fixed-bed coal g a s i f i e r .  
ventur i  s c r ~ b b e r  provided the f i r s t  sulfiii- absorption s tage and a l s o  
c i rcu la ted  the molten s a l t  between bubble-cap absorption and s t r ipp ing  
columns. 
h o t .  corrosive molten s a l t  i n  a countercurrent contactor  led 20 severe 
equipment problems, and operat ion was never sustained fo r  more than a few 
hours a t  a time. 

A 

In the l a t t e r ,  steam and C02 were used t o  recover H S. Use of  the 
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The SSMS concept was developed as a p r a c t i c a l  means f o r  hand l i ng  t h e  
c o r r o s i v e  molten carbonates (3). Several ceramics were i n v e s t i g a t e d  as 
p o t e n t i a l  supports. L i t h i u m  a luminate was chosen f o r  chemical s t a b i l i t y  and 
f o r  ease o f  f a b r i c a t i o n  o f  strong, porous p e l l e t s .  Use i n  a c y c l i c a l l y -  
operated f ixed-bed a l l owed  t h e  advantages o f  a g a s - l i q u i d  e q u i l i b r i u m  system 
t o  be e x p l o i t e d  through breakthrough behav io r  r a t h e r  than coun te rcu r ren t  
contact ing.  
cyc les  o f  up t o  7 hours du ra t i on .  
demonstrated up t o  99.5% s u l f u r  removal (adequate f o r  t h e  combined c y c l e  
a p p l i c a t i o n  under s tudy )  from a feed gas c o n t a i n i n g  1X H2S and produced 
regenera t i on  gases c o n t a i n i n g  up t o  50% H S on a d r y  basis. 
t h a t  COS was generated d u r i n g  abso rp t i on  greakthrough and regenera t i on  i n  
amounts c o n s i s t e n t  w i t h  e q u i l i b r i u m  by t h e  gas phase r e a c t i o n :  

Operat ion was r e l a t i v e l y  t r o u b l e - f r e e  w i t h  bench-scale abso rp t i on  
Laboratory  and bench-scale t e s t i n g  

The t e s t s  showed 

H2S(g) + CO2(g) = H20(9) + COS(g), 

2c02(g) t M S ( t )  = M C 0 3 ( t )  + COS(g), 

2) 

which cou ld  no t  be d i s t i n g u i s h e d  from t h e  d i r e c t  regenera t i on  r e a c t i o n :  

3) 

The same study i d e n t i f i e d  redox r e a c t i o n s  i n v o l v i n g  H2 and CO which may 
i n v o l v e  severa l  o x i d a t i o n  s t a t e s  o f  s u l f u r  such as p o l y  s u l f i d e s  or s u l f i t e s  
b u t  can be cha rac te r i zed  by: 

nC02(g) t (4-n) H20(g) + M S ( t )  = MS04(t) + nCO(g) t (4-n) H2(g). 4) 

Where n = 0, 1, 2 ,  3 o r  4. It was found t h a t  H2 o r  CO had t o  be i nc luded  i n  
the  regenerat ion feed  gas t o  a v o i d  l e a v i n g  t r a c e s  o f  o x i d i z e d  s u l f u r  i n  t h e  
bed t h a t  would be reduced d u r i n g  t h e  subsequent abso rp t i on  con tamina t ing  t h e  
product  gas be fo re  breakthrough. 

DEVELOPMENT FOR PRESSURIZED FUEL CELLS 

The mol ten carbonate f u e l  c e l l  a p p l i c a t i o n  addressed by t h e  r e c e n t  s tudy 
requi res:  
t h e  abso rp t i on  e q u i l i b r i u m ,  Equation 1: 2 )  design f o r  removal t o  l e s s  than 1 
ppm through m u l t i p l e  cyc les:  3) removal o f  COS and HC1 as w e l l  as H2S; and 4) 
design f o r  an a i r -b lown  g a s i f i e r  making t h e  H2 and CO needed t o  a v o i d  
ox ida t i on ,  Equation 4, a v a i l a b l e  o n l y  i n  streams d i l u t e d  w i t h  n i t rogen .  

Laboratory  e q u i l i b r i u m  experiments t o  o p t i m i z e  s a l t  composi t ion,  bench 

1 )  opera t i on  a t  e leva ted  p ressu re  which has a d e t r i m e n t a l  e f f e c t  on 

sca le  experiments t o  e s t a b l i s h  mass t r a n s f e r  performance and model ing e f f o r t s  
were d i r e c t e d  p r i m a r i l y  toward t h e  f i r s t  two requirements. 
discussed i n  more d e t a i l  l a t e r  i n  the  paper. 

Resu l t s  w i l l  be 

The t h i r d  requi rement  was addressed by i n c l u d i n g  COS and HC1 i n  feed gases 
The method used f o r  and by a few experiments d i r e c t e d  s o l e l y  a t  HC1 behavior .  

e f f l u e n t  COS (4)  a n a l y s i s  had a d e t e c t i o n  l i m i t  o f  1 t o  10 ppm depending upon 
exper imenta l  cond i t i ons .  Removal from 1000 t o  l e s s  than 10 ppm was 
demonstrated i n  most cases b u t  i n  severa l  cases COS was de tec ted  i n  absorber 
e f f l u e n t  a t  more than 1 ppm when H2S l e v e l s  were lower. Because o f  t h e  h i g h  
d e t e c t i o n  l i m i t s ,  r e s u l t s  a r e  n o t  conc lus i ve  b u t  COS removal may be s lower  
than H2S under some cond i t i ons .  
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Hydrogen c h l o r i d e  removal occurs by c h l o r i d e  format ion:  

2HCl(g) + MCO3(L) = 2MCl(L) + H20(g) + COZ(g). 5) 

which has an e q u i l i b r i u m  s h i f t e d  w e l l  t o  t h e  r i g h t  under h o t  cleanup 
cond i t i ons .  E q u i l i b r i u m  t e s t s  conf i rmed t h e  thermodynamics and removal from 
200 t o  less than 1 ppm was demonstrated i n  seve ra l  t e s t s .  Because o f  the h igh 
e q u i l i b r i u m  convers ion  by Equat ion 5. no regenera t i on  t e s t s  d u r i n g  
r e p r e s e n t a t i v e  s u l f u r  c y c l e s  achieved h i g h  enough HC1 concen t ra t i ons  f o r  
p r a c t i c l e  c h l o r i d e  removal. A separate method f o r  HC1 regenera t i on  appears 
necessary. 
a d d i t i o n a l  study. 

The behav io rs  o f  c h l o r i d e s  and COS i n  t h e  SSMS system b o t h  r e q u i r e  

The f o u r t h  f u e l  c e l l  a p p l i c a t i o n  requi rement  was addressed by us ing  
n i t r o g e n  d i l u t e d  feed  gas such as would be a v a i l a b l e  i n  an a i r -b lown 
g a s i f i c a t i o n  p lan t .  Thermodynamic c a l c u l a t i o n s  ( 4 )  based on pub l i shed  data 
(5, 6, 7) i n d i c a t e d  5 t o  10% CO + H2 i s  r e q u i r e d  t o  avo id  o x i d a t i o n  (Equation 
4)  d u r i n g  regenera t i on .  
adequate. Because t h e  e x a c t  l e v e l  used does a f f e c t  process e f f i c i e n c y ,  a 
d i r e c t  s tudy o f  Equat ion 4 would e v e n t u a l l y  be necessary f o r  commercial 
design. 

About 10% was used throughout  and found t o  be 

EQUILIBRIUM MEASUREMENTS 

The s u l f i d e / c a r b o n a t e  e q u i l i b r i u m  was measured i n  v a r i o u s  m i x t u r e s  o f  
mo l ten  L i .  Na, K and Ca carbonates t o  s e l e c t  an optimum composi t ion f o r  use i n  
t h e  MCFC a p p l i c a t i o n .  

APPARATUS AND METHODS: A pressure-capable exper imenta l  apparatus was designed 
and cons t ruc ted  f o r  use i n  bo th  e q u i l i b r i u m  and subsequent bench-scale mass 
t r a n s f e r  t e s t s .  Gases (metered i n t o  t h e  system under c y l i n d e r  p ressu re )  and 
water (pumped i n t o  a steam generator  by a h i g h  pressure feed pump) were used 
t o  generate s imu la ted  c o a l  gas o f  t h e  d e s i r e d  composit ion. 
me te r ing  t h e  f u e l  gas. contaminant  and steam streams i s  es t ima ted  t o  have been 
- +5% o r  l ess  o f  each component. 
pressure vessel  ( r a t e d  f o r  250 p s i g  a t  1600°F) and was heated by ceramic f i b e r  
heaters. 
o r  s o l i d  supported m o l t e n  carbonate. Smal ler  tubes sealed through t h e  top 
f l ange  p rov ided  a thermowel l  and access t o  t h e  t h i m b l e  through i t s  loose 
f i t t i n g  l i d .  A sma l l  n i t r o g e n  purge i n t o  t h e  p i p e  assured t h a t  system gases 
remained i n s i d e  t h e  alumina. Heat t raced,  t e f l o n  l i n e d  tubes conducted 
e f f l u e n t  gas t o  s t a i n l e s s  s t e e l  scrubbers where c i r c u l a t i n g  sodium hydrox ide 
s o l u t i o n s  condensed steam and absorbed contaminants f o r  ana lys i s .  
s o l u t i o n s  were moni tored f o r  s u l f i d e  by s p e c i f i c  i o n  po ten t i omet ry  g i v i n g  an 
e f f e c t i v e  d e t e c t i o n  l i m i t  o f  0.5 ppmv f o r  H2S. A letdown va l ve  a f t e r  the 
scrubbers p rov ided  p r e s s u r e  c o n t r o l .  Gas samples were taken downstream o f  the 
va l ve  and analyzed by gas chromatography. Using t h e  known composi t ion o f  the 
fue l  gas 8s a standard. changes i n  t h e  CO/H2 r a t i o  and t h e  CG + H 
were measured. 
and CO + Hp balance a r e  o n l y  considered accu ra te  t o  210%. 

E q u i l i b r i u m  measurements were performed by m e l t i n g  t h e  d e s i r e d  s a l t  
conlposit ion i n  t h e  th imb le ,  l oad ing  i t  w i t h  H2S. purg ing  s imu la ted  f u e l  gas 

Accuracy o f  

A s e c t i o n  o f  I n c o l o y  800H p i p e  served as a 

An alumina t h i m b l e  suspended i n s i d e  the p i p e  con ta ined  f r e e  l i q u i d  

The 

balance 
Because o f  d r i f t  i n  t h e  CO response f a c t o r  t h e  CO?H2 r a t i o s  
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through t h e  mol ten l i q u i d  and measuring t h e  e f f l u e n t  gas compos i t i on  as a 
func t i on  o f  t h e  s u l f i d e  con ten t  determined b y  m a t e r i a l  balance. 
v i t h o u t  H2S o r  w i t h  s l i g h t l y  more than  t h e  expected e f f l u e n t  l e v e l  was used t o  
check approach t o  e q u i l i b r i u m  f rom below o r  above. E q u i l i b r i u m  cons tan ts  were 
c a l c u l a t e d  assuming i d e a l  gas and l i q u i d  s o l u t i o n s .  

RESULTS: 
different s a l t  m ix tu res  (Table 1) a t  atmospheric pressure. 
composi t ion used by Moore e t .  a l .  (8 )  and Stegen ( 3 )  as unsupported and 
supported sorbents  r e s p e c t i v e l y  a t  atmospheric pressure.  
carbonate sorbent  represents  a p o s s i b l e  source o f  contaminat ion t o  a Li /K- 
e u t e c t i c  f u e l  c e l l .  The e l i m i n a t i o n  o f  sodium was t e s t e d  w i t h  s a l t  n i x  #2. 
Higher  ca l c ium and lower  l i t h i u m  con ten ts  were t e s t e d  w i t h  s a l t  m ix  #3 and 
s a l t  mix #4, respec t i ve l y .  A d j u s t i n g  t o  750°C and averaging g i v e s  K, = 1.6, 
1.7, 2.0 and 1.8 a l l  2 0.2 atni f o r  s a l t  mix  #l, #2. #3 and #4. r e s p e c t i v e l y .  
It i s  apparent t h a t  t h e  s u l f i d e / c a r b o n a t e  e q u i l i b r i u m  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  c a t i o n  mix. 

Purge gas 

Screening experiments f o r  s u l f i d e  c a p a c i t y  were completed w i t h  f o u r  
S a l t  mix  #1 i s  t h e  

Sodium i n  t h e  mixed 

' 

TABLE 1. Carbonate M ix tu res  Screened f o r  S u l f i d e  Capacity, mole x 
L i  CO -2-3 S a l t  Mix  Na CO -2-3 K CO -2-3 CaC03 

1 37.5 23.4 19.3 19.8 
2 48.9 0 25.2 25.8 
3 35.1 0 33.8 31.1 
4 23.3 0 53.9 22.9 

F igu re  1 shows t h a t  ca l c ium con ten t  can be used t o  c o r r e l a t e  t h e  r e s u l t s  
o f  t h i s  work w i t h  t h e  ca l c ium- f ree  r e s u l t s  o f  Moore. Moore's da ta  w i t h  
ca lc ium showed a low temperature dependence r e l a t i v e  t o  pu re  component 
thermodynamics. A l though pure component s o l i d  thermodynamic da ta  (5 )  would 
i n d i c a t e  a s t ronger  e f f e c t  o f  calc ium, t h e  h i g h  es t ima ted  m e l t i n g  p o i n t  f o r  
Cas (2725K. 9) r e l a t i v e  t o  CaCO (1500K. 10) apparen t l y  l eads  t o  lower  
r e l a t i v e  s t a b i l i t y  i n  t h e  l i q u i a  phase. 
subcooled l i q u i d  range, assuming e n t r o p i e s  o f  f u s i o n  a t  r e p o r t e d  (5, 9, 10) 
m e l t i n g  p o i n t s  f o r  Li2S, CaC03 and Cas o f  5. 6 and 6 cal/degree/mole and 
assuming constant  l i q u i d  hea t  c a p a c i t i e s  o f  22. 33 and 16 cal/degree/mole 
respec t i ve l y ,  a l l ows  t h e  c a l c u l a t i o n  o f  pu re  component e q u i l i b r i u m  constants  
f o r  Reaction 1. These a r e  compared w i t h  t h e  f u l l  range o f  exper imenta l  da ta  
f rom t h i s  work i n  F i g u r e  2. 
p robab ly  r e f l e c t  t h e  s t a b i l i t y  o f  t h e  i n t e r - a l k a l i  carbonate e u t e c t i c s .  
A l though F igu re  2 would i n d i c a t e  a lower  a c t i v i t y  f o r  ca l c ium than  potassium, 
t h e  c o r r e l a t i o n  o f  F i g u r e  1 apparen t l y  shows t h a t  ca l c ium s u l f i d e  i s  
r e l a t i v e l y  more s t a b l e  i n  t h e  carbonate m a t r i x  t han  t h e  a l k a l i  meta l  
su l f i des .  
p o s s i b i l i t y  b u t  was judged u n l i k e l y  a t  t h e  l ow  s u l f u r  concen t ra t i ons  ( l e s s  
than  3 mole%) used i n  t h e  screening s tud ies .  

P r o j e c t i n g  data f rom (5 )  i n t o  t h e  

The lower  cons tan ts  found f o r  mixed carbonates 

P r e c i p i t a t i o n  o f  s o l i d  ca l c ium s u l f i d e  cannot be e l i m i n a t e d  as a 

SENCH SCALE MASS TRANSFER EXPERIRENTS 

Mass t r a n s f e r  d a t a  on t h e  abso rp t i on / regenera t i on  c y c l e  were ob ta ined  by 
experiments w i t h  packed beds o f  s o l i d  suppor ted sorbent.  
overv iew o f  r e s u l t s  a r e  presented here. Resu l t s  a r e  d iscussed i n  more d e t a i l  
i n  connect ion w i t h  t h e  mass t r a n s f e r  model. 

Wethods and an 

t 
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METHODS: Porous, l i thium aluminate ceramic p e l l e t s  (1.4 t o  2.8 mm s i z e  range) 
m b r i c a t e d  by methods developed in previous work (3) .  The p e l l e t s  were 
loaded close t o  sa tura t ion  with molten s a l t  (0.36 t o  0.429 of s a l t  per b u l k  cc 
of sor9ent). In the apparatus  already described a ceramic thimble o f  4.6 or 
9.1 cm cross  sect ion served as  a n  absorber. The smaller thimble was f i l l e d  
w i t h  a 25 cm bed of p e l l e t s .  The la rger  thimble was operated a t  b o t h  25 and 
50 cm depths. Sorbent was supported on dense alumina beads (1/16 i n .  
diameter) and, a t  the  50 cm depth, topped w i t h  a layer  of the same beads t o  
provide gas d i s t r i b u t i o n .  

For each absorption experiment t h e  bed was brought t o  temperature and 
pressure under a ni t rogen atmosphere, a simulated coal g a s  flow s t a r t e d ,  
contaminant g a s  added and e f f l u e n t  concentrat ion monitored as a function of 
time by methods described e a r l i e r  under "Equilibrium Measurements. I' For 
regenerations, temperature was adjusted (general ly  100°C cooler)  and a C02-H20 
r ich fuel gas fed i n  t h e  opposite d i rec t ion .  

RESULTS: Sorbents w i t h  two d i f f e r e n t  s a l t  compositions were tes ted  i n  the  
smaller absorber. T h e  f i r s t ,  Li S6K0 54Ca 2C03. selected from the  
equilibrium r e s u l t s ,  demonstrateg'poor'mass' ransfer  (broad breakthrough 
curves). A low-calcium composition, L i  l K o  $Cao 1C03. showed b e t t e r  mass 
t r a n s f e r  performance and was used f o r  a l l  te9 s i h  the  la rger  absorber. 
was postulated t h a t  t h e  high-calcium s a l t  p rec ip i ta ted  s o l i d  calcium s u l f i d e  
which in te r fe red  w i t h  both absorption and regeneration. 

I t  

After thorough regenerat ion,  b o t h  s a l t  compositions removed H2S t o  l e s s  
t h a n  1 ppin with the length of time before breakthrough ("breakthrough time") 
limited by equilibrium and mass t r a n s f e r  e f f e c t s .  Incomplete regeneration 
fur ther  shortened breakthrough time and/or added a background level  of H2S 
before breakthrough. Project ing breakthrough curves t o  one half the i n l e t  
H2SS '  concentration checked with "equilibrium times" f o r  sa tura t ion  of the bed 
w i t h  feed gas ca lcu la ted  from r e s u l t s  of the  equilibrium measurements. 
Similar treatninet of low-calcium r e s u l t s  allowed the  estimation of 
thermodynamic constants .  Table 2, f o r  the carbonate/sulf ide equilibrium which 
are  consis tent  w i t h  Figure 1 and with mass t r a n s f e r  r e s u l t s  over the range 
studied. 

TABLE 2. Thermodynamic Constants f o r  Reaction 1 (900 t o  llOO°K, 1 t o  15 atm) 

S a l t  Li. 86K. 54Ca0. jC03 Li 1.1 KO. -ICaO. lC03 
Heat of Reaction 26K cal/mole 27K cal/mole 

En t ropy  of Reaction 26.8 cal/mole-K 26.4 cal/mole-K 

Varying space ve loc i ty  and gas composition changed the breakthrough and 
equilibrium times b u t  t h e  general shape of the  breakthrough curves remained 
the same. 
cmpleted w j t h  the  same half o r  f u l l  load of sorbent in the la rger  absorber. 
Space ve loc i t ies  from 300 t o  2300 per hour ,  absorption temperatures of 750 and 
800°C, pressures of 100 and 180 p s i g  and several  l eve ls  of steam-carbon 

A t o t a l  of 16 absorption and regeneration experiments were 

* ac tua l ly ,  1/2 i n l e t  H S + COS m i n u s  equilibrium COS for  t h a t  concentration. 2 

c 
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dioxide back pressure were tested. 
laboratory and bench scale results obtained in this study has been reported 
elsewhere (4). 

A complete presentation and discussion of 

MASS TRANSFER MODEL 

Having shown the significant effect of mass transfer resistance on 
breakthrough time for SSMS cleanup under the desired conditions, a 
quantitative treatment was developed as a basis for design and optimization. 
It was found that simple two-film mass transfer theory used with the 
equilibrium expressions presented earlier gave a good representation of both 
absorption and regeneration behavior. The mass transfer equation: 

N = k a(y-yi) = k a(x.-x), 9 P i  
must be solved in an unsteady state material balance framework: 

Edy/dt + pbdx/dt + Gdy/dh = 0 7 )  

In these expressions: N = interphase molar flux per unit volume, k and k = 
gas and pellet mass transfer coefficients, a = surface area per uni? volumg, y 
and x = gas and liquid mole fractions with the subscript "i" representing 
interface concentrations (assumed at equilibrium), E = void fraction, t = 
time, ob = molar density of liquid (salt) in the bulk pellets, G = superficial 
molar velocity of gas and h = distance through the bed. 

Rigorous analytical solutions of Equation 7 are possible (11) but 
restricted to linear equilibrium and simple boundary conditions. For the non- 
linear equilibrium that results from Equation 1 and the arbitrary 
concentration (x) profile from a preceding absorption or regeneration, a model 
was developed using finite elements of time and distance (4). 
calculations showed that the E dy/dt term was relatively small and that 
particle phase transfer should control. The void volume term was eliminated 
from Equation 7 and although k a was retained in Equation 6 it was assigned an 
arbitrarily high value so that'the values of the combined term "k a" used to 

Preliminary 

I 

I fit the data were in effect overall particle-phase mass transfer goefficients. 

Figures 3 and 4 show calculated and typical experimental results for a 
t. low-calcium absorption and regeneration respectively. Dead volume in the 

experimental system caused a delay and reduction of the regeneration peak. 

decay slope is matched by the model. 

decrease in diffusivity with absolute temperature to fit the regeneration data 
at 650°C. 
during absorptions or a break in decay slope observed during extended 
regenerations. 
the effect of a trace side reaction such as oxidation (Equation 4 ) .  

1 The data are plotted on an adjusted time scale to show that the regegeration 
A value of 2 X 10- g-moles/cm /sec 

)i 
fitted the low-calcium absorption data at 75OoC and was adjusted for a linear 

The model does not reflect the pre-breakthrough background H2S 

Both phenomena were highly temperature sensitive and may be 

b 

b 
L Slow mass transfer in the SSMS pellets studied probably results from a low 

surface to volume ratio. Loading more porous pellets to a lower degree of 
saturation with molten salt could lead to a significant improvement. 
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PROCESS DESIGN 

C y c l i c  regenera t i on  f o r  s u l f u r  recove ry  and t h e  need t o  i n c l u d e  
contaminant- f ree r e d u c i n g  gas i n  t h e  regenera t i on  feed t o  avoid o x i d a t i o n  of 
s u l f u r  t o  s u l f a t e  suggest  seve ra l  f l owshee t  op t i ons .  The source o f  
regenera t i on  gas, c h o i c e  o f  s u l f u r  recove ry  process, d i s p o s i t i o n  o f  t h e  t a i l  
gas from s u l f u r  recovery,  o p e r a t i n g  temperature and pressure and t h e  use o f  
temperature and/or p ressu re  c y c l i n g  f o r  regenera t i on  a1 1 must be determined. 
This  s e c t i o n  rev iews f l owshee t  development and p r e l i m i n a r y  es t ima tes  o f  
e f f i c i e n c y  and economics w i t h  re fe rence  t o  a s tudy  performed by Stone and 
Nebster Engineer ing Corpo ra t i on  (SirlEC) and suggests a d d i t i o n a l  o p t i o n s  ou ts ide  
t h e  scope o f  t h a t  study. 

--__ FLOWSHEET DEVELCPMENT: 
used temperdture c y c l i n g  t o  e f f e c t  regenera t i on  w h i l e  t h e  seventh used o n l y  
increased C02 and steam content .  
up t h e  regenera t i on  feed. 
a complete d e s c r i p t i o n  o f  t h e  opt ions.  Because exper imenta l  da ta  were 
ob ta ined  f o r  e s s e n t i a l l y  i so the rma l  o p e r a t i o n  d u r i n g  abso rp t i on  and 
regenerat ion,  SWEC added separate hea t ing  and c o o l i n g  cyc les  r e q u i r i n g  two 
beds i n  a d d i t i o n  t o  those  i n  t h e  abso rp t i on  o r  regenera t i on  p o s i t i o n s .  It i s  
l i k e l y  t h a t  t h e  c o o l i n g  and hea t ing  p e r i o d s  can be i nco rpo ra ted  i n t o  t h e  
regenera t i on  c y c l e  e l i m i n a t i n g  t h e  e x t r a  beds. 

Seven f lowsheet  op t i ons  were evaluated by SWEC. Six  

A b lend o f  anode feed and exhaust gas made 
The reader  i s  r e f e r r e d  t o  o u r  f i n a l  r e p o r t  ( 4 )  f o r  

SWEC used commerc ia l ly  a v a i l a b l e  s u l f u r  recove ry  technology which d i l u t e s  
the  su l fu r -bea r ing  r e g e n e r a t i o n  p roduc t  stream w i t h  t h e  a i r  r e q u i r e d  t o  
o x i d i z e  H2S t o  e lementa l  s u l f u r .  As a r e s u l t ,  t h e  energy va lue o f  t h e  CO, H2 
and CH4 i n  t h a t  stream c o u l d  o n l y  be recovered by i n c i n e r a t i o n  t o  r a i s e  
steam. 
recovers CO 
recovery t a i l  gas t o  t h e  FICFC which would recover  the  energy v a l u e  a t  h ighe r  
e f f i c i e n c y .  

Use o f  advanced s u l f u r  recove ry  technology (12)  t h a t  removes and 
and s u l f u r  w i t h o u t  adding a i r  cou ld  a l l o w  r e c y c l e  o f  s u l f u r  2 

The d i f f i c u l t i e s  i n v o l v e d  i n  h e a t i n g  and c o o l i n g  l a r y e  beds o f  sorbent  
cou ld  be avoided by u s i n g  a pressure c y c l e  t o  o b t a i n  t h e  necessary d r i v i n g  
fo rce  for  regenera t i on .  A f t e r  abso rp t i on  a t  t h e  f u e l  c e l l  feed p ressu re  
regenera t i on  cou ld  be per formed w i t h  CO ( f rom a C02 recove ry  u n i t )  and steam, 
b o t h  o f  which cou ld  e a s i l y  be s u p p l i e d  a t  h i g h  pressure. Adding a r e l a t i v e l y  
smal l  amount o f  cooled and compressed f u e l  c e l l  f eed  gas would supply  t h e  
necessary CO and H2. Stone and Webster's f l owshee t  used a swing from 4.4W COP 
and 14.4% steam t o  32.9% C02 and 27.3% steam p l u s  a 126°F temperature swing t o  
e f f e c t  regenera t i on  w h i l e  s u f f e r i n g  a pressure r e d u c t i o n  from 150 t o  110 
Psia. 
and pressure t o  215 p s i a  would more than  compensate f o r  t h e  loss  o f  t h e  
e q u i l i b r i u m  advantage f rom t h e  temperature swing. 
c a p i t a l  cos t  by e l i m i n a t i n g  t h e  i n te r -bed  c o o l e r s  as w e l l  as reduc ing  t h e  
number o f  beds. 
d i l u t i o n  and thermal l osses  assoc ia ted  w i t h  t h e  temperature cyc le .  

EFFICIENCY: The p r i m a r y  reason f o r  cons ide r ing  h o t  gas cleanup i s  increased 
Power generat ion e f f i c i e n c y .  The n e t  power p r o d u c t i o n  e f f i c i e n c y  c a l c u a l t e d  
by SWEC f o r  an i n t e g r a t e d  c o a l  g a s i f i c a t i o n / m o l t e n  carbonate f u e l  c e l l  power 
p l a n t  w i t h  SSMS h o t  gas c leanup was 45.6% o r  7478 Btu/KwH (4) .  
compares w e l l  w i t h  conven t iona l  technology and w i t h  7300 t o  7700 Btu/kWh 

2 

I nc reas ing  r e g e n e r a t i o n  gas steam and C02 con ten ts  t o  about 39% each 

Th is  o p t i o n  cou ld  reduce 

It c o u l d  a l s o  i nc rease  process e f f i c i e n c y  by e l i m i n a t i n g  the  

Th is  f i g u r e  

I : l  

I 
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calculated by Westinghouse (13) for air blown gasification with other 
developmental hot gas cleanup systems. Further improvement is likely upon 
optimization of the coal gasification-SSMS-MCFC system. 

CAPITAL AND OPERATING COSTS: 
SWEC for an integrated coal gasification/MCFC power plant with SSMS hot gas 
cleanup (4). The commercial plant burning 1000 tons/day of coal and producing 
135.9 MW net power had an estimated investment of 216 million dollars. 
Operating costs were estimated for the power recovery, absorption/ 
regeneration. sulfur recovery and incineration sections at 11.8 million 
dollars per year or about one cent per kilowatt-hour. 

The overall investment figure was developed for comparison with other cost 

Capital and operating costs were calculated by 

estimates. The Westinghouse hot gas cleanup study (13) reported total costs 
based on other developmental cleanup systems representing 169 to 188 million 
dollars when adjusted to the same time and scale. SWEC performed detailed 
cost analysis only for sections of the plant directly affected by the SSMS 
system. A more complete process optimization/cost study is in progress. The 
most significant result of the SWEC study is that the absorption/regeneration 
section accounts for 34% of the power plant cost. 
optimization, a reduction in cost o f  the SSMS system by 50% appears possible 
which would make the estimated cost of coal gasification/MCFC power plants 
using SSMS cleanup competitive with the published estimates for other hot gas 
cleanup systems. 

With process and/or sorbent 

, 
( 3 )  

(4) 
I 

J 
! 

(5) 

REFERENCES 

Moore, R. H.. C. H. Allen, G. F. Schiefelbein 
"A Process for Cleaninq and Removal of Sulfur 
Gases." 
10: 100/Int. 1. 

Interim Report October 1972 - August 

and R. J. Maness. 1974. 
Compounds from Low Btu 
1974, GPO Cat. No. I:63. 

Moore, R. H. et al. 1979. Process for Cleaning and Removal of Sulfur 
Compounds from Low Btu Gas. PNL-2851 PT 1. Pacific Northwest Laboratory, 
Richland. Washington. 

Stegen, G. E. 1982. Development of a Solid Absorption Process for 
Removal of Sulfur from Fuel Gas. DOE/ET/11028-9, prepared for the U.S. 
Department of Energy under Contract DE-AC21-79ET11028 by Sattelle. 
Pacific Northwest Laboratories, Richland, !dashington. 

Lyke, S. E., L. J. Sealock. Jr .  and G. L. Roberts. 1985. , Development of 
a Hot Gas Cleanup System for Integrated Coal Gasification/Molten 
Carbonate Fuel Cell Power Plants, Final Report for the period from 
October 1982 to January 1985. 
of Enerqv. under Contract DE-AC21-82MC19077 bv Battelle. Pacific 

Prepared for the United States Department 

Northwe%Laboratories, Richland. Washington.' 

Barin, I. and 0. Knack. 1973. Thermochemical Properties of Inorganic 
Substances. Springer-Verlog. Berlin. 

33 



Pelton, A. D., C. Id. Sale and P. L. Lin. 1981. Calculation of 
Thermodynamic Equilibria in the Carbonate Fuel Cell. 
Ecol Polytechnique. Montreal. Quebec. 

DOE/ET/15416-2. 

Smith. S. W. and S .  M. Kapelner. 1983. "The Equilibrium Constant for 
the Reaction H2S + 3H20 + (Lio.66Ko.34)2C03 = 4H2 + C02 + 
( LiD. 66K0. 34)2S04 at Elevated Temperature. 'I 
Electrochemical Society: Electrochemical Science and Technology, Volume 

Journal of the 

130 (2). pp. 405-407. 

Moore, R. H., G. F. Schiefelbein and G. E. Stegen. 1975. Iilolten Salt 
Scrubbing Process for Removal of Particles and Sulfur Compounds from Low 
Btu Fuel Gases. BNWL-SA-6030, Pacific Northwest Laboratory, Richland. 
Washington. 

Leung. C. H. and L. H. Van Vlack. 1979. "Solubility Limits in Binary 
(Ca, Mn) Chalcogenides" J. American Ceramic SOC. 62 (11-12)613-616. 

(10) Forland., J. 1955. "An Investigation of the Activity of Calcium 
Carbonate in Mixtures of Fused Salts" J. Phys. Chem.. 59, 152. 

(11) Furnas, C. C. 1930. Trans. Am. Inst. Chem. Engrs.. Vol. 24. pp. 142- 
193. 

(12) Lynn, S., R. Demyanovich, D. Neumann and S. Sciamanno. 1984. "The 
Removal of Hydrogen Sulfide from Gasified Coal." 
Fourth Annual Advanced Gasification Projects Contractor's Meeting, 
Morgantown. West Virginia. June 26-28, 1984. 

In Proceedings of the 

(13) Jablonski et al. 1982. Evaluation of Gasification and Gas Cleanup 
Processes for Use in Molten Carbonate Fusl Cell Power Plants, Final 
Report, DOE/MC/16220-1306. Prepared for Morgantown Energy Technology 
Center by kstinghouse R&D Center, Pittsburgh, Pennsylvania. 

2 5  

2 0  

E 

1 5  
YI r. 

? 
10 

05 

0 
0 10 20 30 

Mole % Ca 

Figure 1. Correlation of Carbonate/Sulfide Equilibrium 
with Calcium Content. 

34 



KZ 

CO 

- 0 . 2  - 
-0 .2  - 
-0.3 - 
- 0 4 -  
- 0 . 5  - 
- 0 . 6 7  , ~ , , , , , 

Na2 

LIZ 

o w 0 9  oooo94 o w 0 9 8  ow102 O W l W  o.c.2.11 O W I l ,  

l / r  V O K )  

F i e .  E s t i m a t e d  Pure L i q u i d  C a r b o n a t e I S u l f i d e  E q u i l i b r i a  
and D a t a  f o r  Mixed L i q u i d s .  

J 

F i g u r e  3. A b s o r p t i o n  527 and Model .  - 

m 
0.9 m 

0 8  m 

-4. R e g e n e r a t i o n  R27 and Model. 

35 



APPLICATION OF NICKEL SORBENTS TO REMOVE TRACE 
CONTAMINANTS FROM HOT COAL GAS 

P.S. Patel, S.M. Rich, and H.C. Maru 
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3 Great Pasture Road 
Danbury, CT 06810 

INTRODUCTION 

Coal gas offers a low cost feed option for efficient generation 
of electricity using turbines or fuel cells as generators. However, 
coal derived gases contain Contaminants such as sulfur and arsenic 
compounds, halides, etc., which are known to detrimentally affect the 
generator performance (lr2,3). These contaminants must be kept below 
a certain, permissible level for long-term, cost effective operation 
of a coal gas fueled power plant. Based on contaminant tolerance data 
for the related catalysts and the limited data available for fuel cell 
performance, it is desirable that the sulfur and arsenic compounds be 
reduced to sub-ppm levels. The commercially available low temperature 
cleanup processes are not cost effective as they require 
quenching/reheating operations. An energy efficient and economically 
viable high temperature coal gas purification process to minimize the 
heat exchange requirements is highly desirable. Several high 
temperature processes based on regenerative adsorption appear to be 
capable of removing H,S from coal gas to a 2-10 ppmv level 
(4,5,6,7,8), but further reduction to a sub-ppm level is required. 
This paper describes a regenerable process to achieve this sub-ppm 
contaminant cleanup using nickel sorbents. 

Supported nickel catalysts were investigated for their capability 1 

to remove sulfur compounds in coal gas to sub-ppm levels and to study 
the effect of other contaminants such as arsenic on sorbent 
performance. This concept is supported by the fact that -these 
contaminants are known poisons towards nickel catalysts, even at low 
(<lo ppm) concentrations (9,lO). The adsorption of sulfur on nickel 
occurs by reversible, dissociative chemisorption at concentrations of 
approximately 10 ppmv H,S or less (llr12). The removal of chemisorbed 
sulfur has also been studied to recover the activity of nickel 
catalysts used in processes such as reforming, methanation, etc. 
(13t14t15). Sorption and regeneration experiments were performed with 
commercially available dispersed nickel sorbents to determine rate and 
Capacity for sulfur removal from coal gas at high temperatures 

performed to develop major guidelines for the trace contaminant 

\ 

1 

(500-700"C). A parametric analysis and process design study were I 
removal reactor system. 

EXPERIMENTAL METHODS 

The coal gas contaminants, sulfur and arsenic, possess strong 
affinity for many materials of constructions. A test apparatus and 
analytical techniques capable of handling and monitoring trace amounts 
of these contaminants in the presence of major coal gas components 
with good reproducibility were developed. 

9 APPARATUS. The experimental studies were carried out with a 
bench-scale, isothermal fixed-bed reactor at atmospheric pressure to 
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establish sulfur and arsenic sorption and regeneration Characteristics 
Of the nickel catalysts chosen. The reactor system was constructed of 
quartz and Teflon to minimize secondary adsorption effects. The model 
Coal gas was simulated via mixing of the appropriate gaseous 
components, with steam introduced by humidifier evaporation. The gas 
delivery lines were heated to prevent steam condensation. All 
components, except HIS were introduced from compressed gas cylinders 
(99.999% purity). Trace levels of H,S (1-10 ppmv) were provided from 
a Certified permeation tube and introduced after the humidifier to 
prevent dissolution of the H,S. 

ANALYTICAL. The major coal gas constituents were monitored with 
a microprocessor controlled gas chromatograph(GC) equipped with a 
thermal conductivity detector(TCD). Trace contaminant measurements at 
the reactor exit and entry were accomplished with the GC using a 
photoionization detector(P1D). Lower detection limits of 20 ppbv H,S 
and 20 ppbv ASH, were achieved with this apparatus using appropriate 
combination of GC columns and operating conditions such as carrier 
flow rate, oven temperature, etc. Consistent and reproducible 
measurements were obtained in the presence of HzO, H,, CO, C02, etc. 
to establish long-term reliability of the analytical method. When 
required, gas detector tubes were used to determine certain trace 
by-products, such as CS, and SO,. 

The total adsorbed contaminants and their location on the 
sorbents were determined with SEMI X-ray fluorescence, and X-ray EDS, 
supplemented by wet chemical analysis when appropriate. Total arsenic 
content was determined by spectrophotometric determination with silver 
diethyl-dithiocarbamate. The physical structural changes 'in. the 
sorbents were characterized by BET surface area, selective 
chemisorption, and porosimetry measurements. 

SORPTION/REGENERATION CONDITIONS. The preliminary screening of 
commercial nickel catalysts was performed under a fixed set of most 
favorable conditions with a constant driving force (PH s/P This 
was accomplished by using 10 ppmv HzS in a N,/H, environbent"5t 5-OO0C, 
2000 hf! space velocity and no carbon species during initial sorption 
runs. Prior to a sorption run, each sorbent was subjected to a 4-hour 
reduction period in H, at 450°C. Data acquisition was performed with 
the automated GC/PID system until 1 ppmv H,S was observed in the exit 
stream. Sulfur sorption capacity and breakthrough times for 20 and 
100 ppb H,S in the exit coal gas were used for performance comparison 
purposes. Pre- and post-test analyses were performed to characterize 
sorbent stability. Two of the most promising sorbents were chosen for 
further testing with a simulated coal gas. Table 1 illustrates the 
conditions used for a parametric evaluation of the effects of arsenic 
and other contaminants on the sulfur Sorption Characteristics. 
Various regeneration media such as steam, hydrogen, and air in 
appropriate combination were also tested at 50O-70O0C and 500, 5000 
hK? space velocities to identify a preferred Set of regeneration 
conditions. 

RESULTS AND DISCUSSION 

). 

Based on input from catalyst manufacturers, consultants, and past 
experience in applications similar to coal gas, over 120 commercial 
nickel catalysts were qualitatively assessed for their suitability in 
removing the trace contaminants regeneratively. From hydrothermal 
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stability considerations, alumina appeared to be a preferred catalyst 
support. Ten candidates were chosen for preliminary screening on a 
comparative basis. All the sorbents were able to purify a dry H,/N, 
stream from 10 ppmv to less than 2 0  ppbv Hast although breakthrough 
times varied. Sorbents containing additives such as copper or cobalt, 
as expected, did provide better regenerability. However, their sulfur 
sorption capacities were significantly lower and experienced 
significant losses in surface area. As can be seen in Figure 1, the 
breakthrough time showed a linear dependence on the nickel content 
indicating that high nickel contents should be preferred to achieve 
large sulfur removal capacities. However, the catalysts with high 
(50-60%) nickel contents showed a greater level of sintering, which 
may lead to a loss of activity in subsequent sorption cycles. Based 
on the sulfur sorption capacity, extent of regeneration, and the 
catalyst stability, two of the candidate sorbents, 3% Ni/14% MOO, on 
alumina (Ni/Mo) and 20% Ni on alumina were selected fOK further 
testing. 

During preliminary screening with dry gases, the Ni/Mo sorbent 
exhibited an extremely high sulfur sorption capacity (16,600 ppmwS) 
and almost complete regeneration. When tested in the presence of a 
model coal gas, its performance was seriously impaired. As verified 
by the manufacturer and by elemental analysis, approximately 0.3% 
sulfur was found in the fresh sorbent. The sulfur evolved as H,S in 
the presence of steam in the coal gas. When this sulfur was removed 
from a fresh sample before testing, the sulfur sorption capacity and 
the 20 ppbv H,S breakthrough time decreased to such an extent as to 
make it unattractive as a trace contaminant cleanup sorbent. Unlike 
the Ni/Mo sorbent, 20 wt% Ni on alumina maintained the desired sulfur 
cleanup levels under a variety of operating conditions and changes in 
the coal gas composition (Table 2 ) .  Major observations related to the 
desirable operating conditions are summarized below. 

e The sulfur sorption capacity increased with decreasing space 
velocity. The breakthrough time behavior suggests that the 
use of lower space velocities (500-2000 hr.-') may promote a 
higher contaminant removal efficiency. 

e The sulfur sorption capacity increased slightly with 
decreasing steam content in the model coal gas. Carbon 
deposition occurs at lower steam content ( - 7 % )  and may be a 
limiting design parameter. 

e Effect of decreasing temperature was to increase sulfur 
sorption capacity with the largest capacity observed at 50OOC 
(Figure 2). 

In presence of arsine, the sorbent exhibited -25% reduction in 
the sulfur sorption capacity, possibly due to a competition 
between the two contaminants for the available nickel sites 
(Figure 3). 

Regeneration of the sulfur spent sorbents indicates that 
chemisorption of sulfur on the nickel surface is reversible 
depending on the experimental conditions used. With 70% 
Ha0/30% H, as a regeneration medium, 60-80% regeneration may 
be achieved at 600-7OO0C. Other regeneration media, such as 
steam, steam with -1% air, simulated fuel cell cathode 
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exhaust, and high steam/hydrogen ratios at 5OO0C did not 
provide satisfactory regeneration. 

The structural stability of the nickel sorbents appeared to be 
affected when relatively high regeneration temperatures 
(7OOOC) were used. This resulted in a drop in sorption 
activity in the next sorption cycle. However, the subsequent 
sorption/regeneration cycles indicated a stabilization of the 
sorbent performance (Figure 4). 

CONCLUSIONS 

This investigation has demonstrated that commercial, supported 
nickel sorbents are able to remove trace amounts of H,S from hot coal 
gas to the desired sub-ppm levels for extended periods of time. The 
selected sorbent, 20 wt% Ni on alumina, can provide sulfur sorption 
capacities of 2000-10,000 ppmw S I  depending on the operating 
conditions. All of the sorbents tested are regenerable towards 
sulfur. Optimum sorption/regeneration conditions exist which may make 
the application of these sorbents for trace contaminant cleanup of 
coal gas economically viable. The analytical methods developed for 
the coal gas cleanup application are capable of measuring sub-ppm 
levels of H,S and ASH, and reliable for extended period of 
experimental runs. 
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TABLE 1. RANGE OF EXPERIMENTAL PARAMETERS EVALUATED FOR 
TRACE CONTAMINANT REMOVAL FROM HOT COAL GAS 

COMPONENT RANGE 

Model Coal Gas: H ,  

Na 
co 
co 1 
H a 0  

Trace Contaminants: H a s  

ASH3 

Temperature 

Pressure 

Gas Space Velocity 

15-20 v o l %  

30-50 
10-20 
5-15 
5-40 

1-10 ppmv 
1-10 ppmv 

500-7OO'C 

1 atm 

500-5000 hr.-' 

L c 
m 
E 
l- 
.c 
a 
2 
f 

: m 

Nickel Content ,  w% 
HC0627 

FIGURE 1. THE BREAKTHROUGH TIME. SHOWS A LINEAR DEPENDENCE 
ON THE NICKEL CONTENT 
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A STUDY OF SULFATE FORMATION DURING REGENERATION OF ZINC FERRITE SORBENTS 

G.N. Krishnan, G.T. Tong, R.H. Lamoreaux, R.D. Brittain and B.J. Wood 

SRI International 
333,  Ravenswood avenue, Menlo Park, CA 94025. 

INTRODUCTION 
Zinc ferrite (ZnO . Fe203) is a promising regenerable sorbent for the high 

temperature (800 - 925 K) r moval of hydrogen sulfide from coal gas to be fed to 
molten carbonate fuel cells . For the desulfurization process to be economically 
attractive, the spent sorbent needs to be regenerated and reused. During the coal 
gas desulfurization step the zinc and iron oxides are converted into the 
corresponding sulfides. Regeneration back to the oxides is accompilished by the use 
of oxidizing gases such as oxygen (or air) and steam at elevated temperatures. 
Ideally, the regeneration should be Carried out at sufficiently high temperatures to 
eliminate or minimize side reactions such as formation of sulfates. However, severe 
sintering may OCCUK at such elevated temperatures leading to decreased sorbent 
desufurization capacity. Thus, to minimize sintering it is necessary to regenerate 
at lower temperatures where a significant degree of sulfate formation can occur. 

desulfurization performance of the sorbent. 
of the sorbent, but also leads to the introduction of second ry contaminants, such 
as SO , into the hot coal gas stream. 
undeszrable as H2S. Hence for zinc ferrite to be useful as a hot coal gas 
desulfurization sorbent it is essential that during regeneration sulfate formation 
should be minimized. An experimental and theoretical study was undertaken to 
define conditions where sulfate formation would occur during regeneration of spent 
zinc ferrite sorbents. 

e 

The presence of sulfates is detrimental to the subsequent coal gas 
It not only reduces the sulfur capacity 

These sulfur species' are just as 

METHODS, APPARATUS AND PROCEDURES 

Thermodynamic calculations were performed to define equilibrium conditions 
favorable for sulfate formation during regeneration and to predict the reaction 
products resulting from the interaction of zinc sulfate with hot coal gas. The 
regions of stabilities of oxides, sulfides and sulfates of both zinc and iron as 
functions of partial pressures of O2 and SO2 were determined. 
minimization methods were used to calculate the equilibrium compositions of gases 
and solids under desulfurization and regeneration conditions. Fifty gaseous species 
and seventeen solid phases were inlcluded in these calculations. 

decrease of the mass of the specimen, whereas the formation of sulfates leads to an 
increase of the mass. Hence a thermogravimetric system incorporating a Cahn RG 
electrobalance and a programmable electronic temperature controller was used to 
monitor the mass of the specimen as the specimen was heated in a mixture of air and 
steam. 

sulfate formation as a function of process variables. The effluent gases from the 
reactor were analyzed for SO2, H2S. and residual 0 
the end of a reaction period the specimen was rapihy quenched to preserve its 
chemical composition that existed at the reaction temperature. 

the form of extruded pellets. For our experiments it was crushed and sieved to a 
particle size range of 300 -, 500pm. 
regeneration experiments, the zinc ferrite sorbent was sulfided at 873 K using a 
simulated coal gas of the following composition: 15% H2, 15% CO, 11% CO , 24% H20, 
3% H s, 32% N . 
24% $e, and 33% S .  The crystalline phases were Wand P ZnS and FeOmB8S 
(pyrrohtite). 

Gibbs energy 

The formation of zinc and iron oxides from corresponding sulfides results In a 

A laboratory-scale fixed-bed reacmr system was used to determine the extent of 

using gas chromatography. At 

The zinc ferrite used in this study was manufactured by United Catalysts Inc. in 

To provide a uniform starting material for the 

After sulfidation the sorbent had a composition (wt%) $f 40.7% Zn, 
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RESULTS AND DISCUSSION 

Equilibrium Calculations 
The eauilibrium conditions necessarv for the various solid DhaSeS to be stable ~ 

in the Zn-Fe-0-S system can be conveniently expressed in the form of a stability 
diagram. 
Figure 1. It illustrates that the oxides are stable at high partial pressures of 
O2 and low partial pressures of SO . 
both 0 and so need to be high. $he stability diagrams for other temperatures 
indicaged that'as the temperature is increased higher partial pressures of O2 and 
SO2 are necessary for the stabilization of zinc and iron sulfates. 

under equilibrium regeneration conditions. For example, the dotted line in Figure 1 
represents a locus of points of total pressure of 0.01 atm of a mixture of 0 and 
SO (corresponding to a feed gas of 5% air - 95% steam). 
suzfided sorbent, the equlibrium solid phases will be Fe 
portion At the start of the regenerati&i8@he p(0 ) will be less 
than lo-*' atm and p(S02) will be about 0.01 atm. As the regeneragion proceeds 
p(02) will begin to increase (going from left to right on the abscissa). 16nitially 
Fe atm both 
Zng'and e 0 will be oxidized 20 form zinc ferrite. With further increase in p(02) 
(>6~10-~' it$) ZnO. 2ZnS04 is formed. As p(0 ) approaches feedstock level ZnO . 
2ZnSO and Fe2(S04)3 become the equilibrium pzases. At the end of conversion of 
Sdfi%eS p(S0 ) decreases and the sulfates decompose to the oxides. 

regeneration was also calculated using a Gibbs energy minimization method. In this 
CalCUhtiOn, 1 mole of ZnS. 2.3 Fe with different quantities 
of a regeneration gas (air-stearn-s8. mixtures). The reaction extent was defined as 
unity when the quantity of oxygen pgesent in the feed gas was sufficient for the 
stoichiometric conversion of sulfides to oxides (ZnO. Fe 0 ). 
calculation for the case when regeneration is carried oug Jt 873 K using 90% air - 
10% SO2 at 20 atm total pressure is shown in Figure 2. 

These computations, which included a large number of chemical species in 
addition to 0 
from the stabhity diagrams. Initially, Fe 
of oxidation of this phase ZnFe204 is formei'iy the oxidation of ZnS to ZnO and 
Fe 0 to Fe203. At greater than stoichiometric levels of the regeneration gas, 
F&04 and Zn0.2ZnS04 are formed. Finally, when the regeneration is complete the 
sulfites have decomposed to the oxides. 

Thermogravimetric Experiments 

3. 
higher temperatures the mass of the specimens decreased up to a temperature of about 
650 K. 
either gained or lost mass. 
maximiurn in a temperature range of 825 - 925 K. 
observed with all gas compostions. 

I ~ L =  L ~ L = U L I C ~ _ I  reactions associated with the various mass changes were deduced 
from X-ray diffraction analyses of the solid remnant quenched from various 
temperatures. Table 1 shows these chemical reactions. The initial mass gain is 
due to the oxidation of Fe 
FeS The observed mass increase 
abo& 650 K is due to the o~iaation of ZnS to ZnS04. The extent of ZnSO formation 
is a function of the oxygen content of the feed gas. Higher amounts of hfates are 
formed when P(0 ) is high. Above 925 K ZnS04 decomposes to ZnO and any residual ZnS 
is also oxidize8 resulting in a mass l o s s .  

were conducted with a sulfided ZnO sorbent (ZnS). 

A calculated stability diagram for a temperature of 873 K is shown in 

For sulfates to be stable partial pressures of 

The stability diagram can be used to predict the composition of solid phases 

Initially in a fudy 
S and ZnS ( upper left 

the diagram). 

88S will be converted to Fe 04. As the P(02) increases above 2 x 10- 

The equil$brium composition of the solid phases as a function of the extent of 

88S was equilibrated 

An example of this 

and SO2,  confirm the general sequence of chemical reactions inferred 
8S is oxidized to Fe304. At the end 

The results of TGA experiments with different gas mixtures are shown in Figure 
On heating from ambient to 625 K at 5 K/min the specimens gained mass. At 

Above 650 K, depending on the oxygen content of the feed gas the specimens 
The second mass gain peak, when present, reached a 

Above 925 K a decrease in mass was 

m!-- . .L--,--7 

s to FeS2 and FeZ03. At temperatures above 625 K, 
is also oxidized to F9't8 resulting in a mass loss. 

To determine the role of iron oxides in the formation of ZnS04, TGA experiments 
During heating of the ZnS in an 
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atmosphere of 50% air - 48% N2 and 2% steam no mass change was observed below 925 K, 
but a mass loss was observed above this temperature. 
formation is significantly reduced in the absence of Fe 0 . 
has been Seeorted to accelerate the formation of ZnSO gy3catalyzing the 
formation ’ of so3. 

Fixed Bed Reactor Experiments 

regenerated isothermally using gas mixtures with various air-steam ratios. Gas 
chromatographic analysis of the reactor effluent gases indicated oxygen was 
completely consumed initially and during a major portion of the regeneration period. 
During regeneration with air - steam mixtures small amounts of H2S (0.2 ~01%) and 
elemental sulfur were prduced, but the major gaseous species was SO2. The formation 
of H S and elemental sulfur is due to the reaction of iron sulfides with steam. 

$able 2 lists the weight percentages of sulfides and sulfates of specimens 
regenerated for various periods of time. It indicates that the sulfide content of 
the specimen is progressively reduced as the duration of regeneration increases. 
contrast, the amount of sulfate remaining in the sorbent initially increases, 
reaches a maximum when about 99% of the sulfide is converted and then decreases. 
The occurrence of such a maximum in sulfate content was predicted by the 
thermodynamic calculations. 

Table 3 lists the weight percentages of sulfate remaining in the sorbents 
regenerated at various temperatures. The regeneration was carried out until the 
concentration of SO in the reactor effluent decreased below 0.5 ~01%. This 
condition occurred eypically when the total amount of feed gas supplied was about 
150% of that required for stoichiometric conversion of the sulfides to oxides. The 
results of these experiments (Table 3)  indicate that sulfate formation is favored by 
lower temperatures and higher partial pressures of 0 . 

Other parameters in the regeneration process exhlbit a minor influence on the 
extent of sulfate formation. Increasing the space velocity appeared to decrease the 
amount of sulfate formed. This may be due to either an increase in the surface 
temperature of the sorbent during the exothermic oxidation or to a decrease in the 
contact time between SO2 and the sorbent. Particle size of the sorbent over the 
range 0.5 to 5 mm had no observable effect on the amount of sulfate remaining in the 
sorbents. Furthermore, replacing steam with nitrogen as a diluent in the 
regeneration feed gas had no effect on the residual sulfate level. However, the 
presence of SO2, even in the amount of 0.5 ~01%. significantly increases sulfate 
formation below 975 K. Above 975 K, SO in the feed gas had only a small effect on 
the amount of residual sulfate in the sorbent. Other conditions being equal, 
cycling between sulfidation and regeneration did not significantly change the amount 
of sulfate formed during regeneration. Finally, sulfided zinc oxide sorbents 
regenerated in air - steam mixtures contained a significantly lower amount of 
sulfate than zinc ferrite sorbents regenerated under similar conditions. 

Behavior of Sulfates in Hot Coal Gas Atmosphere 
The zinc sulfate present in the regenerated sorbent decomposes under the 

reducing conditions of hot coal gas releasing SO 
concentration of SO observed in the reactor effzuent when a regenerated sorbent 
containing zinc sudate is exposed to a simulated coal gas. 
initially high but it declines with time in an approximately exponential manner. 
higher temperatures the SO level generally is high because of more rapid 
decomposition of the sulfaee. 
released. However, high temperature Knudsen cell mass spectrometric experiments 
indicated that the S03/S02 ratio is about 0.2. 

The SO and SO released into the hot coal gas can be reduced and removed by 
another be4 of freJh zinc ferrite sorbent provided sufficient concentration of 
hydrogen is available in the hot coal gas stream. 
desulfurization, the hydrogen present in the coal gas is consumed in converting the 
Fe203 to Fe304. 

3 Fe203 + H2 = 2 Fe304 + H20 

This indicates that ZnS04 
The presence of Fe203 

4 

In these experiments, about 2 g samples of sulfided zinc ferrite sorbents were 

In 

2 

and SO3. Figure 4 illustrates the 

The SO2 content is 
At 

Gas chroatography was incapable of measuring the SO 

In the initial stages of 
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When the  reduct ion  of Fe O3 i s  complete p(H2) i n  t h e  c o a l  gas  stream increases .  A t  
t h i s  s t a g e  t h e  SO2 and S63 w i l l  be reduced and r e a c t  wi th  z i n c  f e r r i t e  t o  form ZnS. 

SO + H = SO + H20 
so2 3 3 H2 = H 2 S  + 2 H 2 0  

ZnO + H ~ S  = ZnS + ~~0 

SO2 concent ra t ions  of less than  1 ppm l e v e l  were achieved by t h e  use of a two bed 
system and a d d i t i o n  of hydrogen when a regenera ted  sorbent  conta in ing  6 ut% s u l f a t e  
was used f o r  c o a l  g a s  d e s u l f u r i z a t i o n .  

CONCLUSIONS 

Thermodynamic c a l c u l a t i o n s  and experimental  s t u d i e s  have shown t h a t  z i n c  s u l f a t e  
i s  formed dur ing  r e g e n e r a t i o n  of s u l f i d e d  z i n c  f e r r i t e  sorbents .  The formation of 
s u l f a t e  i s  a dynamic process  r e q u i r i n g  t h e  simultaneous presence of SO and 0 
Hence i t  reaches  a maximum l e v e l  under c o n d i t i o n s  when a l l  t h e  s u l f i d e 8  i n  t h e  spent  
sorbent  have been conver ted  t o  oxides and s u l f a t e s .  S u l f a t e  formation i s  enhanced 
by lower tempera tures  and h igh  oxygen p a r t i a l  p ressures  i n  t h e  feed gas.  The 
formation of t h e  s u l f a t e  is promoted by t h e  presence of  t h e  i r o n  oxide component of 
t h e  z inc  f e r r i t e  s o r b e n t .  

regenerated sorbent  r e l e a s e s  SO2 and SO3 i n t o  t h e  hot  c o a l  g a s  stream. 
oxides  can be removed by  another  bed of z i n c  f e r r i t e  provided a s u f f i c i e n t  
concent ra t ion  of hydrogen i s  a v a i l a b l e  i n  t h e  c o a l  gas  stream. 

2' 

During subsequent d e s u l f u r i z a t i o n  use t h e  z i n c  s u l f a t e  present  i n  t h e  
These s u l f u r  
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T a b l e  1 

PROGRESSION OF OXIDATION OF SULP1DF.D ZINCE FERRITE 
D U R I N G  TKFXMOGRAVIMETRIC EXPERIMENTS 

S t e p  2 

ZnS + FeS2 + 0.5  Fe203+ 1.7502 + ZnS + Fe203  + s o 2  

Am = -0.7% 

S t e p  3a 

ZnS + Fe203  + 2 02 + ZnSOh + Fe203 

Am = 14.0% 

S t e p  3 b  

ZnS + Fe203  + 312 02 + ZnFe2O4 + SO2 

Am = -14.4% 

S t e p  4 

Note :  Tne mass gain is b a s e d  on t h e  i n i t i a l  s ample  mass.  
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T a b l e  2 

SULFATE AND SULFIDE CONTENTS OF REGENERATED 
SORBENTS AS A FUNCTION OF REGENERATION  TIME^ 

R e g e n e r a t i o n  F r a c t i o n a l  
Time (min) Conversion’  S u l f a t e  ( w t % )  S u l f i d e  ( w t % )  

0 

30 

60  

90 

120 

145 

0 

0.27  

0 . 5 4  

0 . 8 1  

1 . 1  

1.31 

0 35.5  

1 .17  18 .15  

1 . 3 2  T.82 

4.77  0 . 3 5  

8 . 3 1  0 . 0 9 3  

7 . 3 2  0 .09  

aFeed g a s  c o m p o s i t i o n :  

b F r a c t i o n a l  c o n v e r s i o n  i s  u n i t y  when t h e  amount of f e e d  g a s  p a s s e d  i s  
s u f f i c i e n t  f o r  s t o i c h i o m e t r i c  c o n v e r s i o n  of  s u l f i d e s  t o  o x i d e s .  

58% a i r  - 42% s team;  s p a c e  v e l o c i t y :  2420 hr’ 

T a b l e  3 

EFFECT OF GAS COMPOSITION AND TEMPERATURE ON SULFATE FORMATION \ 

Temper a t  u r e  W t %  S u l f a t e  
(K) 100% a i r  - 58% a i r  25% a i r  - 

0% s t e a m  42% s t e a m  75% s t e a m  

823 

8 7 3  

923 

973 

i o 7 3  

1173 
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1 3 . 8  1 4 . 5  3 . 5  

11 .3  1 4 . 9  2 . 4  

9 . 3  5 . 4  

4 . 5  

2 .2  
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Figure 1. S tab i l i ty  Diagram of the Fe-Zn-0-S System a t  873 K. ZnFe204 
Phase Field (-), Zn-0-S Phases (- - -), Fe-0-S (-- -1. 

2.4  , 
i 

2.0 2 0 . 1 3 7 7 s  

0.8 - 

0. 5 1.0 1. s 0.0 

REACTION EXTENT 

Figure 2. Equilibrium Solid Phase Products During Regeneration of Spent 
Zinc Ferrite  Sorbents with a Gas Mixture of 90% Air - 10% so2 
at  873 K. 
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TEMPERATURE (KI 
JAU34- IOA 

Figure 3 .  Temperature Programmed lhermogravimetry of Reaction of Spent 

pHz0 Zinc Ferrite Sorbents with Various A i r N 2 - H 2 0  Mixtures. 
= 0.02  atm, pair is shown and Balance PN a t  1 atm. 

2 

I 

TIHE (HOURS) 

Figure 4 .  Release of SO2 into Hot Coal Gas at  873 K by SOY (13.5 wt%) 
Present i n  Regenerated Zinc Ferrite Sorbent. 
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S e p a r a t i o n  and C h a r a c t e r i z a t i o n  of  Hydroxyl Aromat ics  i n  O i l s  
and  A s p h a l t e n e s  from N o n d i s t i l l a b l e ,  P y r i d i n e  S o l u b l e  Coal -Liquids  

R. J. H u r t u b i s e ,  H. A. Cooper,  and T. W. A l l e n  

Department of Chemis t ry ,  U n i v e r s i t y  of Wyoming, Laramie ,  WY 82071 

and 

H. F. S i l v e r  

Chemical E n g i n e e r i n g  Department,  U n i v e r s i t y  of Wyoming, Laramie ,  WY 82071 

I n t r o d u c t i o n  

Hydroxyl a r o m a t i c s  a r e  a n  impor tan t  c l a s s  of compounds i n  c o a l  l i q u e f a c t i o n  
p r o c e s s e s  (1-6).  The s e p a r a t i o n  and c h a r a c t e r i z a t i o n  of  hydroxyl  a r o m a t i c s  a r e  
p a r t i c u l a r l y  impor tan t  f o r  t h e  development of c o a l  l i q u e f a c t i o n  p r o c e s s e s  and f o r  
an  u n d e r s t a n d i n g  of c o a l  l i q u e f a c t i o n  c h e m i s t r y .  It  h a s  been shown t h a t  o i l s  and 
a s p h a l t e n e s  i n  h i g h - b o i l i n g  d i s t i l l a t e s  and n o n d i s t i l l a b l e ,  p y r i d i n e  s o l u b l e  c o a l -  
l i q u i d  samples produced i n  an  SRC-I p r o c e s s  c o n s i s t  of t h e  same major compound 
c l a s s e s :  hydrocarbons ,  n i t r o g e n  compounds, and hydroxyl  a r o m a t i c s  ( 5 ) .  However, 
a s  r e p o r t e d  by Boduszynski e t  a l .  ( 5 )  o i l s  and a s p h a l t e n e s  d i f f e r  i n  t h e  concen- 
t r a t i o n s  of hydrocarbons ,  n i t r o g e n  compounds, and hydroxyl  a r o m a t i c s .  In t h i s  
work, hydroxyl a r o m a t i c  f r a c t i o n s  were i s o l a t e d  from o i l s  and a s p h a l t e n e s  i n  non- 
d i s t i l l a b l e  ( >  427OC) Wyodak and Kentucky p y r i d i n e  s o l u b l e  c o a l - l i q u i d  samples  
u s i n g  procedures  deve loped  by Boduszynski et  a i .  (7, 8 ) .  The f r a c t i o n s  were 
f u r t h e r  s e p a r a t e d  by normal-phase and reversed-phase  l i q u i d  chromatography and 
t h e n  c h a r a c t e r i z e d  by n u c l e a r  magnet ic  r e s o n a n c e ,  i n f r a r e d ,  and f i e l d - i o n i z a t i o n  
mass s p e c t r o m e t r y .  In a d d i t i o n ,  e l e m e n t a l  a n a l y s i s  d a t a  were o b t a i n e d  on some of 
t h e  f r a c t i o n s .  

Exper imenta l  

Using methods developed by Boduszynski et  a l .  ( 7 ,  8 )  n o n d i s t i l l a b l e ,  p y r i d i n e  
s o l u b l e  c o a l - l i q u i d  samples were s e p a r a t e d  i n t o  s o l v e n t - d e r i v e d  f r a c t i o n s  and 
compound-class f r a c t i o n s .  Coal - l iqu id  f r a c t i o n s  r i c h  i n  hydroxyl  a r o m a t i c s  from 
o i l s  and a s p h a l t e n e s  were o b t a i n e d  from b o t h  Wyodak and  Kentucky p y r i d i n e  s o l u b l e  
c o a l - l i q u i d  samples .  Each of t h e s e  hydroxyl  a r o m a t i c  f r a c t i o n s  was t h e n  s e p a r a t e d  
i n t o  f r a c t i o n s  c o n t a i n i n g  monohydroxyl and  d ihydroxyl  a r o m a t i c s  by l i q u i d  chroma- 
tography w i t h  a bonded-phase amino column and ch loroform:2-propanol  mobi le  phases .  
The monohydroxyl a r o m a t i c  f r a c t i o n  was f i r s t  e l u t e d  from t h e  bonded-phase amino 
column wi th  chloroform:2-propano1 (95:5 ,  v / v ) ,  and t h e  d i h y d r o x y l  a r o m a t i c  f r a c -  
t i o n  was s u b s e q u e n t l y  e l u t e d  wi th  ch loroform:2-propano1 (75:25 ,  v l v ) .  

F r a c t i o n s  c o n t a i n i n g  monohydroxyl a r o m a t i c s  from o i l s  were i s o l a t e d  w i t h  t h e  
bonded-phase amino column and f u r t h e r  s e p a r a t e d  by reversed-phase  l i q u i d  chroma- 
tography.  I n  reversed-phase  l i q u i d  chromatography e x p e r i m e n t s ,  t h e  monohydroxyl 
f r a c t i o n  from Wyodak o i l s  was s e p a r a t e d  in two s t e p s .  F i r s t ,  i s o c r a t i c  c o n d i t i o n s  
w i t h  a Resolvex C column and a acetonitri1e:tetrahydrofuran:water (15.2:27.8: 
57.0,  v l v l v )  mobife phase were used .  
f u r a n  was employed. 

Then, a l i n e a r  g r a d i e n t  t o  100% t e t r a h y d r o -  

F i e l d - i o n i z a t i o n  mass s p e c t r a l  d a t a  were o b t a i n e d  from S R I  I n t e r n a t i o n a l ,  
Menlo Park ,  C a l i f o r n i a  on s e v e r a l  of t h e  monohydroxyl and d ihydroxyl  a r o m a t i c  
f r a c t i o n s  from o i l s  and a s p h a l t e n e s .  E lementa l  a n a l y s i s  d a t a  were o b t a i n e d  from 
Huffman L a b o r a t o r i e s ,  I n c . ,  Wheat r idge ,  Colorado .  
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R e s u l t s  and Di scuss ion  

Weight P e r c e n t  and  E lemen ta l  Ana lys i s  Data 

Table I g i v e s  t h e  approximate  weight p e r c e n t  (a%) data  f o r  f r a c t i o n s  con- 
t a i n i n g  monohydroxyl a r o m a t i c s  and d ihydroxy l  a r o m a t i c s  i s o l a t e d  from t h e  o i l s  and 
a s p h a l t e n e s  of Kentucky and Wyodak n o n d i s t i l l a b l e ,  p y r i d i n e  s o l u b l e  c o a l - l i q u i d  
samples.  It i s  c l e a r  from t h e  da t a  i n  Tab le  I t h a t  t h e  monohydroxyl a romat i c  
f r a c t i o n s  c o n t a i n  s i g n i f i c a n t l y  more m a t e r i a l  t h a n  the  d ihydroxy l  a romat i c  f r a c -  
t i o n s .  Tab le  I1 g i v e s  t h e  e l emen ta l  a n a l y s i s  d a t a  ob ta ined  f o r  t h r e e  of t h e  mono- 
hydroxyl  a romat i c  f r a c t i o n s  and one of t h e  d ihydroxy l  a romat i c  f r a c t i o n s .  The 
e l emen ta l  a n a l y s i s  d a t a  c l e a r l y  show t h a t  t h e  f r a c t i o n s  c o n t a i n  a l a r g e  amount of 
oxygen; however,  n i t r o g e n  is a l s o  p r e s e n t  b u t  i n  s m a l l e r  amounts.  I n f r a r e d  d a t a  
and the chromatographic  d a t a  i n d i c a t e d  t h a t  hydroxyl  oxygen was p re sen t  in  t h e  
f r a c t i o n s .  The i n f r a r e d  experiments  a l s o  showed t h a t  p y r r o l i c  n i t r o g e n  was i n  
most of t h e  f r a c t i o n s .  

Chromatographic and F i e l d - I o n i z a t i o n  Mass S p e c t r a l  Data 

Chromatographic d a t a  from t h i r t y - f o u r  monohydroxyl and d ihydroxy l  a romat i c  
s t a n d a r d s  i n d i c a t e d  t h a t  t h e s e  compounds cou ld  be s e p a r a t e d  i n t o  monohydroxyl and 
dihydroxyl  a romat i c  f r a c t i o n s  with a bonded-phase amino column and ch1oroform:Z- 
propanol  mobi le  phases .  A p p l i c a t i o n  of t h i s  approach  to hydroxyl  f r a c t i o n s  from 
coal -der ived  o i l s  and a s p h a l t e n e s  y i e l d e d  two d i s t i n c t  f r a c t i o n s  which had r e t e n -  
t i o n  c h a r a c t e r i s t i c s  s i m i l a r  t o  the  model monohydroxyl and d ihydroxy l  a romat i c  
compounds, r e s p e c t i v e l y .  

F i e l d - i o n i z a t i o n  mass s p e c t r a l  d a t a  were o b t a i n e d  from e i g h t  monohydroxyl and 

The s p e c t r a  r e v e a l e d  t h e  extreme complexi ty  
dihydroxyl  a romat i c  f r a c t i o n s  i s o l a t e d  from Wyodak and Kentucky n o n d i s t i l l a b l e ,  
p y r i d i n e  s o l u b l e  c o a l - l i q u i d  samples .  
of t h e s e  samples .  T a b l e  111 g ives  t h e  weight  ave rage  molecu la r  weight f o r  t h e  
f r a c t i o n s .  

To o b t a i n  f i e l d - i o n i z a t i o n  mass s p e c t r a  t h a t  were l e s s  complex, t h e  mono- 
hydroxyl  a r o m a t i c s  from Kentucky o i l s  were d i v i d e d  i n t o  four  f r a c t i o n s  us ing  a 
bonded-phase amino column. Then f i e l d - i o n i z a t i o n  mass s p e c t r a  were ob ta ined  from 
t h e s e  fou r  f r a c t i o n s .  Even though t h e  f i e l d - i o n i z a t i o n  mass s p e c t r a  were s impl i -  
f i e d ,  r e l a t i v e l y  complex s p e c t r a  were s t i l l  obse rved .  
ass ignments  were made and s e v e r a l  homologous s e r i e s  were c h a r a c t e r i z e d .  

However, major s t r u c t u r a l  

Reversed-phase l i q u i d  chromatography expe r imen t s  w i th  t h e  monohydroxyl f r a c -  
t i o n  from Wyodak o i l s  showed t h a t  t h e  compounds cou ld  be comple t e ly  e l u t e d  from a 
reversed-phase  column. Under t h e  r eve r sed -phase  c o n d i t i o n s ,  f i r s t  a h i g h l y  
r e s o l v e d  chromatographic  p r o f i l e  of low molecu la r  weight  compounds was o b t a i n e d ,  
and t h e n  wi th  t h e  a p p l i c a t i o n  of a r eve r sed -phase  g r a d i e n t  e l u t i o n  s t e p ,  two major 
chromatographic  bands were observed.  F i g u r e  1 shows t h e  o v e r a l l  chromatogram 
o b t a i n e d  from t h e  monohydroxyl f r a c t i o n  from Wyodak o i l s .  In r e l a t e d  expe r imen t s ,  
f i e l d - i o n i z a t i o n  mass s p e c t r a  were o b t a i n e d  from t h e  t o t a l  m a t e r i a l  of t h e  h i g h l y  
r e s o l v e d  ch romatograph ic  bands and t h e  t o t a l  m a t e r i a l  from t h e  reversed-phase  
g r a d i e n t  s t e p  from t h e  monohydroxyl f r a c t i o n  of Kentucky o i l s .  The f i e l d - i o n i z a -  
t i o n  mass spec t rum of t h e  h i g h l y  r e s o l v e d  chromatographic  bands was somewhat 
s imple ,  g i v i n g  a we igh t  a v e r a g e  molecular  weight  of 291. 
reversed-phase  g r a d i e n t  s t e p  was r a t h e r  complex and showed a weight ave rage  
molecu la r  weight  of 465. 

The spec t rum from t h e  
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Tab le  I. Approximate w t %  Values  of Monohydroxyl Aromatic and Dihydroxyl Aromatic 
F r a r t  i o n s  From O i l s  and Aspha l t enes  i n  Solvent-Ref ined Coal-Liquid 
Samples 

O i l s  

Wyodak 

I Monohydroxyl Dihydroxyl 

4 .3  1 .0  

Asphal  t e n e s  

Wyodak 

Monohydroxyl Dihydroxyl  

17.0 7 .4  

/ 

I 

Kentucky 

Monohydroxyl Dihydroxyl  

3.8 0 .2  

Kentucky 

Monohydroxyl Dihydroxyl  

17.8 5.2 

\ 
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T a b l e  11. Elemen ta l  A n a l y s i s  Data f o r  Monohydroxyl and Dihydroxyl  Aromatic 
1 F r a c t i o n s  

W t %  - 
C - O i l s  - 

Wyodak-monohydroxy1 81 .1  

Kentucky-nnnohydroxyl 80.6 

Aspha l t enes  

Wyodak-monohydroxy1 84 .3  

Wyodak-d ihydroxy l  80 .1  

H 

7.3 

7 .5  

- 

6 . 3  

6 . 2  

0 

9.1 

9.5 

- 

8.5 

11.3 

N 

0.73 

0.47 

- 

1.0 

0.90 

'Data  p rov ided  by Huffman L a b o r a t o r i e s ,  I n c .  

1 T a b l e  111. Weight Average Molecular  Weight f o r  Hydroxyl Aromatic F r a c t i o n s  

O i l s  - 

Wyodak Kentucky 

Monohydroxyl Dihydroxyl Monohydroxyl Dihydroxyl 

496 503 

Aspha l t enes  

Wyodak 

Monohydroxyl Dihydroxyl 

571 54 3 

'Data p rov ided  by S R I  I n t e r n a t i o n a l .  

56 

477 505 

Kentucky 

Monohydroxyl Dihydroxyl 

566 556 
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CHARACTERIZATION OF CHEMICAL SPECIES I N  COAL LIQIJIDS IJSING AIJTOMATED 

SIZE EXCLIJSION CHROMATOGRAPHY - GAS CHROMATOGRAPHY (SEC-GC) 

C. V.  P h i l i p  and R.  G. Anthony 

Kine t i c ,  C a t a l y s i s  and Reaction Enginering Laboratory 
Dept. o f  Chemical Engineering, Texas A&M IJniversity 

College S t a t i o n ,  Texas 77843 

In t roduct ion  

Both s i z e  e x c l u s i o n  ch romatography  (SEC) and d i s t i l l a t i o n  a r e  used  t o  
c h a r a c t e r i z e  s p e c i e s  based  on m o l e c u l a r  w e i g h t s  w h i c h  a r e  d e t e r m i n e d  i n d i r e c t l y  
either from SEC s e p a r a t i o n  pa t t e rn  (molecular s i z e  sepa ra t ion )  (1-6) o r  from an ASTM 
d i s t i l l a t i o n  pa t te rn .  Boi l ing  p o i n t s  can be used t o  e s t i m a t e  t h e  molecular weight of 
t h e  s p e c i e s  b u t  i t  is i n a d e q u a t e  f o r  c h e m i c a l  s p e c i e s  c h a r a c t e r i z a t i o n .  The 
molecular s epa ra t ion  by SEC is a powerful t oo l  f o r  de te rmining  molecular weights of 
po lymers  o f  known c h e m i c a l  s t r u c t u r e .  Al though knowledge a b o u t  t h e  c h e m i c a l  
s t r u c t u r e  of t h e  component spec ie s  a r e  e s s e n t i a l  f o r  t h e  success fu l  use of SEC,(5) i t  
has  c e r t a i n  advantages' over d i s t i l l a t i o n s .  SEC sepa ra t ions  are less time consuming 
and can be used f o r  both v o l a t i l e  and nonvo la t i l e  mater ia l s .  Due t o  its s i m p l i c i t y ,  
d i s t i l l a t i o n  is t h e  most popular technique  used f o r  l a r g e  and sma l l  s epa ra t ions  and 
f o r  t h e  c h a r a c t e r i z a t i o n  of hydrocarbon f l u i d s  such a s  petroleum crudes,  syn the t i c  
crudes,  coa l  l i q u i d s  and t h e i r  r e f i n e r y  products. The performance of d i s t i l l a t i o n  
c u t s  such a s  gaso l ine ,  kerosene and var ious  l u b r i c a n t s  a r e  monitored and blended f o r  
s tandard iz ing  performance r a t h e r  than us ing  the  chemical composition f o r  p red ic t ing  
the  performance. 

The h igh  e f f i c i e n c y  g e l  co lumns  packed w i t h  5pm p a r t i c l e s  have  i n c r e a s e d  t h e  
e f f i c i ency  and decreased  the  a n a l y s i s  t i m e  of s i z e  e x c l u s i o n  chromatography (SEC). 
Since r e l a t i v e l y  l a r g e  samples  can be separa ted  in a t ime  as shor t  a s  20 minutes, SEC 
can  be used  a s  a p r e l i m i n a r y  s e p a r a t i o n  t e c h n i q u e  p r i o r  t o  o t h e r  a n a l y t i c a l  
techniques such as gas  chromatography (GC) and gas  chromatography-mass spectroscopy 
(GC-MS). Such SEC s e p a r a t i o n  of  c o a l  l i q u i d s ,  p e t r o l e u m  c r u d e s  and t h e i r  
d i s t i l l a t i o n  c u t s  i n t o  f o u r  o r  f i v e  f r a c t i o n s ,  f o l l o w e d  by t h e  a n a l y s i s  of  t h e  SEC 
f r a c t i o n s  b y  GC and  GC-MS h a v e  been r e p o r t e d  e l s e w h e r e  (7-21).  The f r a c t i o n  
c o l l e c t i o n  and concen t r a t ion  of f r a c t i o n s  were performed manually. T h i s  procedures 
was i n e f f i c i e n t ,  and s u s c e p t i b l e  t o  human e r ro r .  The Automated f r a c t i o n  co l l ec t ion  
followed by i n j e c t i o n  of t h e  f r a c t i o n  i n t o  t h e  GC reduces a n a l y s i s  time, and o f f e r s  
and Opt ion  f o r  c o l l e c t i n g  a d e s i r e d  number of f r a c t i o n s  a t  p r e d e t e r m i n e d  time 
i n t e r v a l s .  

The SEC s e p a r a t e s  c o a l  l i q u i d s  i n t o  f r a c t i o n s  conta in ing  spec ie s  w i t h  s i m i l a r  
l i n e a r  molecular s i zes .  S ince  similar molecular s i z e  spec ie s  in coal  l i q u i d  happened 
t o  have  similar f u n c t i o n a l i t i e s ,  t h e  s i z e  s e p a r a t i o n  e n a b l e s  t h e  s e p a r a t i o n  of 
f r a c t i o n s  conta in ing  s i m i l a r  chemical spec ies .  When te t rahydrofuran  (THF) is used a s  
t h e  mobil phase the  c o a l  l i q u i d  can be sepa ra t ed  i n t o  four  f r a c t i o n s  conta in ing  heavy 
nOnVOlati~eS; long  cha in  alkafies mixed wi th  l i g h t  nonvola t i le ,  phenols and aromatics.  

Disclaimer: This  r e p o r t  was prepared as an account of work sponsored by an  agency of 
t h e  IJnited S t a t e s  Government. Neither t h e  IJnited S t a t e s  Government nor any Agency 
t h e r e o f ,  no r  a n y  o f  the i r  employees ,  makes any w a r r a n t y ,  e x p r e s s  or i m p l i e d ,  o r  
a s sumes  any l e g a l  l i a b i l i t y  or r e s p o n s i b i l i t y  f o r  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  o r  
u s e f u l n e s s  of any  i n f o r m a t i o n ,  a p p a r a t u s ,  p r o d u c t ,  o r  p r o c e s s  d i s c o l s e d ,  o r  
r ep resen t s  t h a t  i t s  u s e  would n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s .  



/ 
/ 

When the number of f r a c t i o n s  a r e  increased,  l e s s  complex chromatograms with fewer 
Peaks a r e  obtained. The r e s u l t s  of  SEC-CC a n a l y s i s  of  coa l  l i q u i d s  i n d i c a t e  t h a t  t h e  
c o a l  l i q u i d s  a r e  composed of  a v e r y  l a r g e  number o f  s p e c i e s  b u t  w i t h  s i m i l a r  
s t r u c t u r a l  b l o c k s  and f u n c t i o n a l g r o u p s .  Lumping of  s imi la r  componen t s  i n t o  f o u r  
d i s t i n c t  groups such as nonvo la t i l e s ,  a lkanes  (nonaromatic hydrocarbons),  a lky la t ed  
phenols and a romat i c s  is seen a s  p r a c t i c a l  means of cha rac t e r i z ing  coa l  l i qu ids .  

In  petroleum r e f i n e r y  industry t h e  composition of d i s t i l l a t i o n  c u t s  a r e  p l o t t e d  
ve r sus  d i s t i l l a t i o n  temperature.  A s i m i l a r  technique is used for  lumping of chemical 
S p e c i e s  i n  c o a l  l i q u i d  where t h e  c h e m i c a l  c o m p o s i t i o n  is p l o t t e d  v e r s u s  e l u t i o n  
Volume (i.e. decreasing molecular s i ze ) .  I n  t h e  SEC-GC set-up, t h e  gas chromatograph 
can  be v i s u a l i z e d  a s  a d e t e c t o r  f o r  SEC e f f l u e n t s .  The GC o u t - p u t  i s  u s e d  t o  
determine t h e  composition of SEC e f f i c i e n t s .  The in s t rumen ta t ion ,  SEC-CC a n a l y s i s  
a n d  chemical lumping of coal  l i q u i d s  are  presented i n  t h i s  paper. 

Experimental 

A western Kentucky s y n t h o i l  and l i g n i t e  der ived r ecyc le  s o l v e n t s  from t h e  Energy 
Research Center,  IJnivers i ty  of North Dakota were t h e  samples used f o r  t h e  analysis .  
Dry, add i t ive - f r ee  te t rahydrofuran (THF) under helium atmosphere was used f o r  pre-  
par ing sample s o l u t i o n s  and as t h e  mobile phase i n  t h e  s i z e  exclusion chromatograph 
(SEC). Although t h e  s y n t h o i l  could be i n j e c t e d  without d i l u t i o n ,  a 50% s o l u t i o n  was 
p re fe r r ed  i n  o rde r  t o  reduce poss ib l e  peak spreading and t a i l i n g .  Since the  r ecyc le  
so lven t s  were very viscous,  25% s o l u t i o n s  were used. A l l  t h e  s o l u t i o n s  were f i l t e r e d  
through 0.5 urn Mi l l i po re  f i l t e r s  u s ing  modest heat  (but  not  high enough t o  b o i l  THF) 
from a hot  a i r  gun and 30 p s i  ni t rogen pressure.  

The instrumentat ion included a l i q u i d  chromatograph (LC,  Waters ALCISEC Model 
202) equ ipped  w i t h  a 60 cm, 5pm 100 A PL g e l  column (Polymer L a b o r a t o r i e s )  a n d  a 
r e f r a c t i v e  index de tec to r  (Waters Model R401) a Varian Chromatographic system (GC. 
VISTA 4 4 )  equipped with a 30 meter x 0.32 m m  I D  DE-5 c a p i l l a r y  column (bonded phase 
fused s i l ica  column manufactured by J & W  S c i e n t i f i c  Co.) an autosampler  (Varian 8 0 0 0 ) ,  
a f lame ion iza t ion  d e t e c t o r  (FID) and a n i t rogen  s p e c i f i c  d e t e c t o r  ( thermionic  ion 
s p e c i f i c  - TSD) and a microcomputer system (IBM C S  9000) with 1000 K by te s  RAM and 
dua l  8" floppy d i s c  d r i v e s  f o r  c o l l e c t i n g  raw chromatographic data.  

The continuous sample sepa ra t ions  on the g e l  column fol lowed by t h e  CC a n a l y s i s  
of  s e l e c t e d  f r a c t i o n s  was a c h i e v e d  by t h e  o p e r a t i o n  of two  s i x p o r t  v a l v e s  and a 34 
p o r t  valve ( A l l  f rom Va lco  I n s t r u m e n t  Company) as  i l l u s t r a t e d  i n  F ig .  1.  Sample 
i n j e c t i o n  i n t o  t h e  LC was performed by a s i x p o r t  valve ( V  ) with a 2 m l  sample loop 
and f i t t e d  with a syr inge-needleport  for  v a r i a b l e  sample ' s i z e  in j ec t ion .  The com- 
bined ope ra t ion  of another  s i x p o r t  swi t ch ing  valve and t h e  34 p o r t  valve ( V  ) with 16 
s a m p l e  l o o p s  (100 p l )  e n a b l e d  t h e  l i n k i n g  of t h e  l i q u i d  ~ h r o m a t o g r a p h ~ w i t h  t h e  
autosampler of t h e  gas chromatograph. The autosampler  was modified t o  handle  100 p 1  
s a m p l e s  d i r e c t l y  f rom t h e  f r a c t i o n  c o l l e c t i o n  l o o p s  of  V When V 2  was t u r n e d  
c l o c k w i s e ,  i t  k e p t  V i n  l i n e  of  LC e f f l u e n t s  s o  t h a t  t h e  Y r a c t i o n s  o f  s e p a r a t e d  
sample could be c o l l e a t e d  and a l s o  t h e  autosampler  was bypassed. V a t  its Counter 
c l o c k w i s e  p o s i t i o n  k e p t  V i n  l i n e  w i t h  t h e  a u t o s a m p l e r  f o r  s a m p f e  i n j e c t i o n  bu t  
bypassed t h e  LC stream. The 
r e a l  t ime  monitoring of  t h e  GC was poss ib l e  on both Varian and I B M  systems and the 
raw chromatograph ic  d a t a  were  s t o r e d  on t h e  8" f l o p p y  d i s c s .  The f r a c t i o n  
c o l l e c t i o n ,  sample i n j e c t i o n  i n t o  t h e  CC as well as the  d a t a  c o l l e c t i o n  w a s  performed 
by t h e  in t eg ra t ed  system composed of a Varian Automation System (VISTA 401) and the  
IBM microcomputer (CS 9000). For each sample i n j e c t i o n  i n t o  t h e  SEC column, up t o  16 
f r a c t i o n s  were c o l l e c t e d  and analyzed by t h e  CC using a p p r o p r i a t e  gas chromatographic 
programs s to red  i n  t h e  memory without any manual i n t e rac t ion .  

G2nerally 0.1 u1 sample s i z e  was used f o r  GC ana lys i s .  
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Results and Discuss ion  -- 
The sample s i z e  recommended by column manufac turers  f o r  s i z e  exc lus ion  chromato- 

graphy i s  l e s s  t h a n  1 mg i n  1 0 ~ 1 s  f o r  good a n a l y t i c a l  s e p a r a t i o n s .  I n c r e a s i n g  t h e  
s a m p l e  s i z e  can c a u s e  i n c r e a s e  i n  peak w i d t h  as well a s  l o s s  of  r e s o l u t i o n .  The 
e f f e c t  of sample s i z e  is demonstrated in Figure  10. Curren t ly  t h e  g e l  columns a r e  
ava i l ab le  with high p l a t e  counts  and high sample loading  capacity.  Larger smaples can 
be loaded wi th  some peak broadening which can  be to l e ra t ed .  When a sample l i k e  coa l  
l i q u i d  which is composed of a very l a r g e  number of components, t h e  sample s i z e s  w i t h  
r e spec t  t o  ind iv idua l  s p e c i e s  are small .  Even over loading  of t h e  column with a l a r g e  
coa l  l i qu id  sample can  g ive  good separa t ion  of most spec ie s  i n  coa l  l iqu id .  S t r a i g h t  
c h a i n  a l k a n e s  a r e  t h e  one  g roup  o f  s p e c i e s  which a r e  p r e s e n t  i n  r e l a t i v e l y  l a r g e  
concentrations.  The e f f e c t  of coa l  l i q u i d  sample s i z e  is i l l u s t r a t e d  i n  Figure 11. 
When the concen t r a t ion  of a lkanes  i n  t h e  Sample is small only few a lkane  peaks a r e  
p r e s e n t  in t h e  gc of  0.1 ~1 SEC e f f l u e n t .  As t h e  a l k a n e  c o n c e n t r a t i o n  is  i n c r e a s e d  
t h e  peak s p r e a d i n g  c a u s e s  t h e  s e v e r a l  a l k a n e s  t o  s p r e a d  i n t o  t h e  0.1~1 f r a c a t i o n  
analysed f o r  t h e  next  i n t e r v a l .  When the  sample s i z e  is increased  the  peak in t ens i -  
t i e s  due t o  i n d i v i d u a l  a l k a n e  do  n o t  i n c r e a s e  p r o p o r t i o n a l l y  b u t  l a r g e r  number o f  
a lkanes  are observed i n  t h e  0.1~11 e f f l u e n t  "windown. The overloading has  a pos i t i ve  
e f f e c t  on SEC f r a c t i o n  c o l l e c t i o n  i n t e r v a l s .  The s m a l l e r  s a m p l e s  need f r e q u e n t  
i n t e r v a l s  of  f r a c t i o n  c o l l e c t i o n  f o r  GC a n a l y s i s  t o  i d e n t i f y  a l l  t h e  components. 
When the  sample s i z e  is increased  t h e  column over loadlng  w i l l  cause the spec ie s  t o  
spread in to  a wider range  and t h e  f r a c t i o n  c o l l e c t i o n  i n t e r v a l  t ime  can be increased. 

The r e c y c l e d  s o l v e n t  produced  from Wyodak c o a l  is  s e l e c t e d  t o  i l l u s t r a t e  t h e  
chemcial spec ie s  i n  c o a l  l i q u i d s  using SEC-GC. A l a rge  sample s i z e  is se lec ted  and 
t h e  SEC column is overloaded wi th  r e spec t  t o  alkanes. The gas chromatograms s i m i l a r  
t o  t h o s e  in F i g u r e  8 w e r e  o b t a i n e d .  The raw d a t a  from a b lank  run, where 0.1 p 1  THF 
was i n j e c t e d  w i t h  o u t  any  c o a l  l i q u i d  s p e c i e s ,  were s u b t r a c t e d  f rom each  raw d a t a  
us ing  a base s u b t r a c t i o n  program, t o  obta in  t h e  recons t ruc ted .  gas chromatograms a s  
shown in F i g u r e  12. Each  of t h e  1 2  G C ' s  r e p r e s e n t s  t h e  a n a l y s i s  SEC f r a c t i o n :  ( s e e  
Figure 7b f o r  S E C  s e p a r a t i o n  Wyodak recyc le  so lvent ) .  Once ques t ion  which a r i s e  a t  
t h i s  point is how much over lapping  of spec ie s  is t h e r e  between t h e  spec ie s  found in  
two  0.1111 SEC s l i ce s  o r  how many o f  t h e  gc  peaks  a r e  n o t  p r e s e n t  i n  t h e  p r e v i o u s  
s a m p l e  s l i c e .  i n  
l a r g e r  concent ra t ions  than  the  previous sample s l i c e ,  t h e  raw d a t a  of the  previous 
g a s  chromatogram i s  s u b r a t a c t e d  f rom t h a t  e a c h  GC raw d a t a .  (Only b a s e  l i n e  is 
subt rac ted  from t h e  f i r s t  one. F i r s t  GC run d a t a  is sub t r ac t ed  from t h e  second, t he  
second 1s sub t r ac t ed  from t h e  t h i r d  and s o  on). Figure  1 3  shows GC's  w i t h  new peaks 
and peaks which a r e  l a r g e r  t han  those  in t h e  previous GC. 

I n  o r d e r  t o  d e t e r m i n e  t h e  new s p e c i e s  and  t h e  s p e c i e s  w h i c h a r e  

When SEC-GC i s  u s e d  f o r  c o a l  l i q u i d  a n a l y s i s ,  . l p l  f r a c t i o n s  o f  SEC e f f l u e n t s  
a r e  analyzed by GC t o  produce s i m p l e r  gas chromatograms. Some of these gas chromato- 
grams.  for example  t h e  GC of  l o n g e r  a l k a n e s ,  are  composed c h e m i c a l l y  s i m i l a r  
components. The f lame ion iza t ion  de tec to r  (FID) response f a c t o r  (based on mass), is 
e s s e n t i a l l y  t h e  same f o r  t h e s e  l a r g e r  a l k a n e s .  The  t o t a l  a r e a  c o u n t s  of such  gas  
ChrOmatOtTamS exc luding  so lven t  peak, t he  a r e a  count of which r ep resen t s  t h e  sample 
volume (6.1111), m u l t i p l i e d  by t h e  r e s p o n s e  f a c t o r  w i l l  g i v e  t h e  amount of  a lkanes  
"lumped" toge the r  f o r  t h e  SEC f r a c t i o n  analyzed. Cer ta in  SEC f r a c t i o n s  a r e  composed 
O f  two Or more d i f f e r e n t  chemical spec ie s  due t o  t h e  over lapping  e f f e c t  of s i m i l a r  
S i z e  species.  For example the  low bo i l ing  poin t  a lkanes  mixed w i t h  t he  high boi l ing  
P o i n t  pheno l s  w h e r e  t h e  l i n e a r  m o l e c u l a r  s i z e s  of  t h e  s p e c i e s  a r e  similar. The 
a l k a n e s  a p p e a r  a t  low r e t e n t i o n  times whereas  p h e n o l s  a p p e a r  a t  l o n g e r  r e t e n t i o n  
times as expected. In  t h e s e  cases t h e  a rea  counts  have to  be lumped i n t o  two groups, 
one f o r  a lkanes  and ano the r  one f o r  phenols. Each of t hese  a r e a  counts  mul t ip l ied  by 
t h e  c o r r e s p o n d i n g  FID r e s p o n s e  f a c t o r  i n d i c a t e  t h e  amount of a l k a n e s  o r  pheno l s  
P resen t  in  t h e  0.1111 SEC f r a c t i o n s .  All t h e  s i x t e e n  or more GC of s e l e c t e d  SEC . l p l  
f r a c t i o n s  of coa l  l i q u i d  or r e c y c l e  so lven t s  a r e  ind iv idua l ly  analyzed fo r  various 
"lumped chemica l "  s p e c i e s  i n  t h e  f r a c t i o n s .  Coal  l i q u i d  s a m p l e  s e p a r a t e d  by 
d i s t i l l a t i o n  e s t i m a t e s  t h e  n o n v o l a t i l e  conten t .  The SEC of nonvo la t i l e s ,  v o l a t i l e s  
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a r e  recons t ruc ted  t o  show both in t h e  same SEC output.  These d a t a  a long  wi th  SEC-CC 
d a t a  and used t o  r econs t ruc t  SEC of Wyodak coa l  der ived  r ecyc le  so lven t  as shown in 
Fig. 6. 

\ 

The chemical lumping pa t t e rn  shown in Fig. 6 is very similar t o  t h e  p l o t t i n g  of 
d i s t i l l a t i o n  tempera tures  VS. composi t ion ,  a t e c h n i q u e  commonly used  i n  p e t r o l e u m  
r e f i n i n g  t o  s i m u l a t e  t h e  c o m p o s i t i o n  of d i s t i l l a t e  as a f u n c t i o n  of t e m p e r a t u r e .  
Since SEC inc ludes  nonvo la t i l e s ,  in format ion  on i t s  s i z e  d i s t r i b u t i o n  is a l so .  shown. 
I n  each  c h e m i c a l  lump t h e  m o l e c u l a r  w e i g h t  d e c r e a s e s  as SEC r e t e n t i o n  Volume in- 
c r e a s e s .  The i n d i v i d u a l  c h e m i c a l  lump has  a SEC s e p a r a t i o n  p a t t e r n  similar t o  
d i s t i l l a t i o n  tempera ture  vs. molecular weight p lo t .  

The chemical lump of a lkanes  is t h e  s imples t .  S t r a i g h t  a lkanes  a r e  d i s t r i b u t e d  
th rough  o u t  t h e  r ange  i n  a c o n t i n u o u s  p a t t e r n .  Such a p a t t e r n  does  n o t  e x i s t  f o r  
phenols and aromatics.  Both of them have s i m i l a r  a romat ic  nuc leus  such as benzene, 
indan and naphthalene. The presence of hydroxy groups d i s t i n g u i s h e s  t h e  phenols from 
t h e  a r o m a t i c s .  The a l k y l  s i d e  c h a i n s  r a n g i n g  m o s t l y  from C, t o  C a l l  a t t a c h e d  t o  
t h e  simple a romat ic  nuc leus  r e s u l t  is l a r g e r  molecules of phenols A d  aromat ics .  AS 
t h e  number of s i d e  cha ins  increases ,  t h e  number of i somers  inc rease  exponent ia l ly .  
The mass d i s t r i b u t i o n  of phenols and aromat ics  peaks a t  a c e r t a i n  molecular  weight 
and then decreases  a t  h igher  molecular weights. A t  t h e  lower end of t h e  mass d i s t r i -  
b u t i o n  p a t t e r n ,  s i n c e  a number of  i s o m e r s  p o s s i b l y  a r e  s m a l l e r ,  t h e  GC is Well 
reso lved  and composed of l a r g e r  well reso lved  peaks. A t  the  h igher  molecular weight 
end ,  a ve ry  l a r g e  number o f  i s o m e r s  a re  p o s s i b l e  in a s m a l l  mass, t h e  GC shows an 
upward s h i f t  in t h e  b a s e  l i n e  which is due t o  a l a r g e  number of s p e c i e s  t h a t  a r e  
appearing unresolved. S ince  phenols have an  inherent  tendency for t a i l i n g ,  t h e  l a rge  
phenols a r e  not a t  a l l  resolved. I n  t h e  case  of l a r g e  a romat i c s ,  t he  enormous number 
of isomers a r e  appear ing  with q u i t e  a few peaks p a r t i a l l y  resolved. 

The s p e c i e s  which  a r e  unkown and  have  n o t  been i d e n t i f i e d  as  one  of t h e  major  
c h e m i c a l  lump s u c h  a s  a l k a n e s ,  p h e n o l s  and a r o m a t i c s  a r e  lumped t o g e t h e r  as un- 
iden t i f i ed .  The add i t ion  of the  m s  t o  our system w i l l  enable i d e n t i f i c a t i o n  of these  
spec ies .  However, t h e  spec ie s  in t h i s  lump inc lude  s a t u r a t e d  and unsa tu ra t ed  cyclo- 
a l k a n e s  w i t h  o r  w i t h o u t  s i d e  c h a i n s ,  which r e s e m b l e s  t h e  n a p h t h e n e s ,  a pe t ro l eum 
r e f i n e r y  p roduc t  group.  A number of w e l l  known s p e c i e s  i n  c o a l  l i q u i d  a r e  n o t  
mentioned in t h i s  lumping scheme. Such as he te rocyc l i c  compounds wi th  s u l f u r ,  n i t ro -  
gen or oxygen a s  t h e  h e t e r o  atom, and o the r  h e t e r o a t o m s  conta in ing  spec ie s .  Some of 
these  compounds appear wi th  a romat i c s  (eg. thiophenes,  qu ino l ines )  and wi th  phenols 
(eg.  a r o m a t i c  a m i n e s ) ,  and  most of them a r e  lumped w i t h  t h e  u n i d e n t i f i e d  s p e c i e s  
lump. 

I 

Since  SEC-GC can be equipped wi th  a number of s p e c i f i c  d e t e c t o r s  such a s  n i t r o -  
gen s p e c i f i c  d e t e c t o r  (TSD), f l a m e  p h o t o m e t r i c  d e t e c t o r  for s u l f u r  (FPD) and mass 
spectrometer,  t h e  lumping of chemical spec ie s  can be performed for any s e l e c t e d  group 
of spec ie s  such a s  polycycl ic  a romat ics ,  thiophenes and n i t rogen  spec ies .  

Conclusions 

Although SEC and CC a r e  two powerful chromatographic techniques,  t h e i r  combined 
use for analyz ing  complex mitures has  been l i m i t e d  due t o  t h e  t ime  consuming s t e p s  
invo lved .  The two v a l v e  i n t e r f a c e  which  l i n k s  t h e  l i q u i d  ch romatograph  t o  gas  
chromatograph and the  computer system which automate t h e  system, reduce t h e  ana lys i s  
t i m e  as w e l l  a s  t h e  f r e q u e n c y  of manual  i n t e r a c t i o n  d u r i n g  t h e  a n a l y s i s  which  may 
t a k e  8-10 hours for a coa l  l i q u i d  sample. By adding a mass spec t rometer  as a t h i r d  
d e t e c t o r  t o  t h e  CC, a n  e x t e n s i v e  a n a l y s i s  of a r a t h e r  complex  sample  s u c h  as  c o a l  
l i q u i d ,  petroleum crude and t h e i r  r e f i n e r y  products can be achieved. 

W i t h  t h e  h e l p  o f  a d d i t i o n a l  d e v i c e s  s u c h  a s  MS, SEC-CC i s  n o t  e x p e c t e d  t o  
i d e n t i f y  a l l  t h e  components of coal  l i qu ids .  I t  may very w e l l  be true t h a t  a l l  the 
pos i t i ve ly  i d e n t i f i e d  components may r ep resen t  on ly  a f r a c t i o n  of a l l  t h e  components 
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and t h e  mass f r a c t i o n s  of a l l  t h e  i d e n t i f i e d  s p e c i e s  may very we l l  r ep resen t  on ly  a 
minor f r a c t i o n  of  t h e  coa l  l i q u i d .  But t he  lumping o f  chemical s p e c i e s  i n t o  fewer 
g r o u p s  w i l l  be f o r  t h e  who le  s a m p l e  and t h e  c h e m i c a l  n a t u r e  of l a r g e  number of 
s p e c i e s  which are no t  t o t a l l y  i d e n t i f i e d  a r e  recognized for  t h e i r  s t r u c t u r e  based on 
s i m i l a r i t y  on of f u n c t i o n a l  groups or  main s t r u c t u r a l  block. The lumping of chemical 
s p e c i e s  as shown i n  F i g u r e  14 is a good a p p r o x i m a t i o n  which needs  v a r i f i c a t i o n  by 
d e t a i l e d  a n a l y s i s .  
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Figure 2: SEC s e p a r a t i o n  of Wydak c o a l  der ived  r e c y c l e  So lvent  ( 1 )  
SEC-GC in ter face  bypassed (b) 1 6  fract ion were co l l ec ted  by 
SEC-GC i n t e r f a c e .  
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Introduction 
The chemical nature of products derived fran -1, whether resulting 

fran liquefaction at- saw form of chemical degradation, is of particular 
interest 1) as a reans of prcbing the chemical structure of coal, and 2 )  in 
at-der to optimize the products for potential uses, for exarrple as a fuel or 
chemical feedstock. Studies of this nature on be enhanced by tandem mass 
spectraretry (MS/MS) which is particularly well-suited to the analysis of 
carpla mixtures (1-4). previcus investigations have sham the applicabil- 
ity of %/MS to the analysis of both polynuclear aramtic hydrocarbons 
(PNAs) and related ccrrpcunds. Particular -1es include hydrodenitrogena- 
tion products including tetrahydro nitrogen-containing PNAs ( 5 ) ,  long chain 
alkyl PNAs in a boghead coal (6), and sulfur-containing PWLS in a -1 
liquid examined after chemical reduction (7). These analyses have mde use 
of all three of the principal scanning d e s  (8) of MS/MS: daughter spectra 
for identification of specific constituents, parent spectra for characteri- 
zation of carponents having a carmon substructure, and neutral loss spectra 
€or characterization of constituents having a m n  functional grcup. A 
daughter spectrum is cbtained by selecting the ion of interest in the first 
stage of mss analysis and passing it into the collision cell where it 
undergoes collision induced dissociation (CID). The resulting fragmnt 

parent spectrum, the second mass analyzer is set to pass a selected frag- 
ment ion which results fran CID and represents the substructure of 
interest. The first mass analyzer is scanned aver the entire mass range of 

zers simltaneausly with a mss offset between the two analyzers correspond- 
ing to the mass of the selected functional grmp which is lost as a result 
of CD). Cunbining M/MS with specific chemical degradation reactions as 
well as using differing d e s  of ionization, further enhances the utility 
of i%/M as a means for addressing the anplex nature of fuel materials. 
The focus of this paper is an attapt to tie a nunber of investigations, 
including characterization of products of specific chemical degradations, 
liquefaction processes and qtimization of processing conditions, to a 
central thane; characterization of the chemical nature of coal. 

ions are then mss analyzed with the second mss analyzer. To cbtain a 1 
\ 

interest. Neutral loss spectra are cbtained by scanning both mass analy- I 

ExpERIMF3rJTAt 
The E/MS results were cbtained using a FiMigan MAT triple suadrupole 

mss spedraneter (9,lO). The saples G e  admitted into the mass spectro- 
meter via the direct insertion probe. Idutane chemical ionization was 
employd at a sou~ce pressure of 0.4 torr for a typical case. Argon was 
used as the collision gas and multiple collision ccnditions, 2 mtorr, were 
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\ 

I 

chosen to increase the extent of fragmntation. The collision energy 
chosen was 20 ev. 

The specific chemical degradation reactions which have been aployed 
include: ruthenium tetroxide aidation using ruthenium (111) trichloride in 
a fixture of water, acetonitrile and carbon tetrachloride at ambient tenper- 
ature (111, &cium/mixed amine reduction (12), supercritical ( s t e m )  
extraction (13) and patassi&cram ether reduction (14). In each instance 
the collaborators referenced prwided the chenically degraded materials. 

T(ESULTS AND DISaTSSICN 
Central to this work has been the identification of specific ccmpo- 

nents not only to characterize then for their intrinsic inportance but also 
to use this informtion to probe the nature of their possible precursors. 
Ildditionally, this work has focussed cn the value of */E as a rnethod for 
capring product distributions 1) as a mans of inprwing processing condi- 
tions for cbtaining the desired end product, and 2 )  to better understand 
the chemical nature of the original starting mterial, coal. With these 
cbjectives in mind, the differing types of specific chemical degradations 
as well as scan d e s  and ionization techniques -le to K/MS can be 
seen to represent an integrated approach to a well-defined pr&lan. 

A novel approach to the analysis of sulfur-ccntaining PNPs used a 
calciunl/mixed amine reduction of an SC I1 middle heavy distillate (7). 
Using negative ion chemical ionization (MCI), a series of alkylbenzothiw 
phenes Were identified fran their reduction products by cbtaining a parent 
scan of m/z  122. The ion at m / z  122 corresponds to the thiotrcpylium 
radical anion which is a characteristic fragnrent of o-ethylthicphenol, the 
reduction product of benzothiophene. This methodology has been extended to 
an SRC I1 heavy distillate fraction as well as fax coal sanples with vary- 
ing degrees of both total and organic sulfur content. Interestingly, the 
heavy distillates did not shm the presence of alkylbenzothiophenes but 
rather displayed a series of alkyldibenzothicphenes, again characterized 
using a parent scan of m/z 122. (The ion at m/z 122 is also a characteris- 
tic fragmnt ion of 0-cyclohexylthiophenol, the reduction prduct of 
dibenzothiophene.) Furthermore, a nuntber of higher molecular weight 
sulfur-containing pNAs have also been tentatively identified (using differ- 
ent parent scans) including a series of akylnaphthothiophenenes as well as 
akylbenzonaphthothicphenes. The reduced coal -le with the highest 
organic sulfur content, psa3 740, was fmnd to have a large abundance of 
dibenzothiophene, as indicated by the presence of the reduction product at 
m/z 191 in the parent scan of m/z 122 (Figure 1). This brings up an 
interesting question with regard to the dibenzothiphene in the coal - is it 
part of the mcramlecular network or interstitially trapped mterial. The 
amxlllt of dibenzothiophene identified in the other three coal sanples was 
negligible. All fax -1s had a significant arrnunt of Sx present as 
detdned by a NICI parent scan of d z  64, which can correspond to 
S2 . The amount of S found can be rmghly correlated with the 
inorganic sulfur content 0% the fax coal sarrples (see Table 1). 

Another chenical reduction schgne, involving potassidcram ether in 
tetrahydrofuran, has been used in a similar type of investigation. The 
emphasis of this work has been to pr& the chdcal structure of coal 
because this reaction, carried m t  at roan tenperatwe and n o d  pres- 
sure, m y  reduce the extent of breakdm of the mcramlecular structure. 
Detailed carbon and hydrogen NMR studies fran the reduction products of an 
Illinois No. 6 coal have indicated an abundance of extended chain 
methylenes, partially hydrogenated PNAS and significant amounts of the 
hydrw functionality. Figure 2 is a carparison of the daughter spectrum 
of m/z 131 an abundant ion in the Spectrum of the reduced coal product, 
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With the daughter spectrum of protonated dihydronaphthalene. The dihydro- 
naphthalene, the presence of which is inferred fran the similarity of frag- 
mtation with the authentic caqxund, and its alkyl hanologs m y  result 
fran a Birch-type reduction of the carresponding alkyl naphthalenes. A 
series of protonated alkyl phenols extending to 5 was identified in the 
same sanple using a parent scan of d z  95 (Figure 3). The first two 
nentxxs of the series protonated phenol ( 4 2  95) and protcmtd mthyl- 
phenol (m/z 109) do not undergo to dz 95 and therefore are not present 
in the parent spectrum. Hmt~er, the presence of these two ccrrponents as 
well as the other protonated alkyl phenols, m/z 123, 137, 151, 165, 179, 
and 193, w e  confirmed using daughter spectra. The principal caponents 
identified by ra/Ms therefore correlate with structures determined in the 
NMR studies. Considering the mild reaction conditions it is pxsible the 
identified mrpanents result fran enhanced solubilization and not breakdm 
of the macramlecular structure. 

In addition to the hS/hS analysis of reduction products, the ruthenium 
tetroxide axidation products of an Illinois No. 2 ccal have been examined 
(15). In this study the carboxylic acids resulting fran oxidation have 
been identified using both positive ion chemical ionization (PICI) as well 
as NICI. The -hasis of this work lies not in the identification of given 
catponents per se but rather in correlating the caponents identified 
with possible precursor structures present in the unreacted coal. Ebr 
exanple, aliphatic dicarboxylic acids are a rmjor reaction product of 
ruthenium tetroxide aidation. Since this reaction OCCUTS via oxidation of 
an armtic carbon, these dicarboxylic acids can be postulated as resulting 
fran alkyl bridges, for exanple, axidation of tetralin can result in a 
significant amcunt of adipic acid (Figure 4). Canparison of the daughter 
spectrum of protonated adipic acid with the daughter spectrum of m / z  147 
fran the oxidized coal sanple confirms the presence of adipic acid. Table 
I1 lists the mst abundant types of -s which have been identified. 
The presence of araratic di, tri, and tetra carboxylic acids, can be 
carrelated with axidation of fusd-ringed systems. It shculd be noted that 
araratic carboxylic acids are detected as the corresponding anhydrides as a 
result of dehydration occurring in the hot mss spectraneter ion scu~ce. 
The absence of mlonic acid in the widation product does not indicate the 
absence of Ethylene linkages but rather arises because of the added reacti- 
vity of the enolizable protons which can pranote further oxidation. 

In addition to the identification of specific canponents, tandem mss 
spectranstry is valuable as a tool for ccnparing the character of different 
sanples. An exanple involves the analysis of the liquefaction products of 
hand-sorted coal mcerals (161, exinite and vitrinite, in order to assess 
possible chemical differences. Three different fractions of the tetralin- 
liquefied mcerals w e  examined by %/E; mltenes, asphaltenes, and p r e  
asphaltenes. The mss and %/M spedra of the mltene and asphaltene frac- 
tions indicated that mceral-related differences were quite d 1 .  parent 
scans, however, provided ample informtion with regard to the presence af 
alkylbenzenes and naphthalenes. Likewise, the preasphaltene sanples also 
producd little in the way of mceral-related differences. While the 
carpcunds identified in the two preasphaltene -1es m e  essentially the 

differences in the relative amcunts between the two samples were 
cbserved. Twelve different series af alkylhydroxyar'anatics, including 
phenals, pyridinols, dihydraxykenzenes, indenols, indanols, naphthols, di 
and tetrahydronaphthols, dihydraxynaphthalenes, acenaphthols, anthracenols, 
and Mphthylphenols, were confirmed using both parent and daughter scans. 
The sam series of canpcunds were present in each mceral sanple tmt the 
Sinite sample had rcughly ten times the concentration of hydrcsxyaramtics 
as did the vitrinite. 

I 
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=/I% can also be used as an aid to maximizing the infonmtion 
obtained fran a chenical process. Che such process on which this apprmch 
has been tested involved the supercritical steam extraction of sulfur fran 
tal. Studies of this type are aimed at finding both econanical and 
efficient mans for reducing the sulfur content in ccal prior to its being 
burned. Initial W/MS studies used a parent scan of m/z 184 to identify 
the targeted species - alkyl dibenzothicphenes. m e r ,  no effect on the 
relative abundance of dibenzothiophene in the extracted residue was famd 
when either the pressure or extraction time of the process was varied, in 
spite of large differences in total sulfur rgnwed. Further studies in 
progress are air& at extending the number of forms of sulfur being tested 
as wdl as including additional process variables in the sanpling 
schane. 

Tandem mss spectranetry is an efficient way of seeking differences in 
fuel samples. This can be illustrated by a case involving nine different 
samples cbtained fran the same -1, Illinois NO. 6, using a variety of 
extraction and liquefaction conditions. This mrk is aim33 at providing 
information on the guest-host nodel for ccal structure. That is, axe there 
conditions which can release a signficiant concentration of -11 molecules 
which are entrapped in the mcratlolecular network. The hexane-soluble 
extracts of these nine samples were analyzed by IS/=. While the amount of 
hexane-soluble mterial extracted varied fran sample to sanple, the mjor 
alkyl series identified were essentially the sam in all nine sanples, 
being daninated by a series of alkyl acenaphthenes (Figure 5). The alkyl 
chain extends to C as s h m  in the parent spectrum of m/z 155 fran one 
of the tetralin-lyquefied sarrples. The C -C alkylated acenaphthenes 
(m/z  183, 197, 211, 225) appear to be the ?‘I&?. abundant. This is also 
consistent with the chemical ionization mss spectrum. These results inply 
that while progressively harsher extraction/liquefaction conditions can 
release mre material, the chemical nature of that material, in term of 
ccnpnents as well as the alkyl mture, is very similar, at least within 
the narrcw confines of this investigation. 

Tandem mss spectretry has k e n  used to probe a number of questions 
involving the chemical nature of fuel-related mterials. With the avail- 
able scan d e s  - daughter, parent, and neutral loss - and ionization tech- 
niques it is possible to probe increasingly carpla questions concerning 
the structure of coal. This allaws the identification of specific carpo- 
nents in coal-derived mterials for coal structure characterization and 
liquefaction product analysis, in addition to ccnparative studies for 
process optimization, mceral-related cfnparisons and investigation of the 
guesthost -1 structure d e l .  

I 
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Table I. c m p ~  ison of the amcrunt of S-. determined f r an  a parent 
Spectrum of m/z 64 (S2-) with the inorganiZ sulfur content of the  four 
ccals studied. - 

t 

counts of Sx(XlO 3 1 
\ Caal Inorganic sulfur 

ps(x: 685 
ps(x: 1300 
ps(x3 740 
PSE 1143 

1.3% not detected 
2.2% 2 
2.3% 7.5 
3.9% 38 

Table 11. Daninant carboxylic acids identified i n  the  ruthenium 
tetroxide oxidation of an I l l i no i s  No. 2 coal. 

Dibasic Aliphatic Acids 

Dibasic Armtic Acids 

Tribasic Armtics Acids 

Tetrabasic Armtic Acids 

Hoa3(~)xCa3H,  x = 0,2-8 

c0-c2 

c0-c2 

c o q 2  

Parent Spectrum 
M/Z 122- 

w 260 
M/Z 

0 
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S .  G. Thomas, J .  P .  Kleiman and V .  0. Brandt 

E t h y l  Corporat ion 
Ethyl Technical  Center  
P .  0. Box 14799 
Baton Rouge, LA 70898 

INTRODUCTION 

Diesel f u e l  i s  a complex mixture of hydrocarbons wi th  a b o i l i n g  
range  from about  400 t o  670°F. Recent ly ,  t h e  emphasis on t h e  d i e s e l  
engine i n  passenger  c a r s  increased  (1) .  I t  i s  expected t h a t  t h e  demand 
f o r  middle d i s t i l l a t e s  w i l l  i n c r e a s e  while  t h e  q u a l i t y  of feedstocks 
w i l l  decrease ( 2 - 5 ) .  Cetane number and s t a b i l i t y  a r e  two measures of  
d i e s e l  fuel q u a l i t y .  Nozzle coking i n  d i e s e l  engines  f o r  passenger 
c a r s  i s  another  problem ( 6 ) .  This expected lower q u a l i t y  i s  r e l a t e d  
t o  t h e  increased use of blending components from heavy o i l  cracking 
processes .  The a b i l i t y  t o  d e f i n e  d i e s e l  f u e l  composition w i l l  become 
i n c r e a s i n g l y  impor tan t  t o  understand t h e  r e l a t i o n s h i p  between f u e l  
composition and c e t a n e  number, s t a b i l i t y ,  coking tendency and o t h e r  
performance parameters .  

A major problem i s  t h e  s e p a r a t i o n  and i d e n t i f i c a t i o n  of pure com- 
pounds o r  c l a s s e s  of compounds from t h e  complex hydrocarbon mixtures  
i n  d i e s e l  f u e l .  Many r e f i n e r y  t e s t  l a b o r a t o r i e s  use t h e  f l u o r e s c e n t  
i n d i c a t o r  a n a l y s i s  method (FIA; ASTM D-1319) t o  s e p a r a t e  and quant i fy  
s a t u r a t e s ,  o l e f i n s  and aromatic  hydrocarbons i n  d i e s e l  f u e l s .  Another 
approach i s  t o  determine aromatic conten t  by nuc lear  magnetic resonance 
spectroscopy ( 7 ) .  A s  pointed out  by M .  E .  Myers ( 7 )  these  methods do 
not  give the  same r e s u l t  because they  do not  measure t h e  same proper- 
t i e s .  

\ 

\ 
1 

'r 
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Types of hydrocarbons i n  middle d i s t i l l a t e s  may be determined 
by a combination of s i l i c a  g e l  chromatography and mass spectrometry 
(ASTM D-2425 and -2549) .  A major d i sadvantage  t o  t h i s  approach i s  t h e  
slowness of open column chromatography. We have developed an a l t e r n a t e  
t o  t h i s  ASTM procedure by us ing  a p r e p a r a t i v e  High Performance Liquid 
Chromatograph and a Gas Chromatograph-Mass Spectrometer t o  analyze 
two commercial d i e s e l  f u e l s .  This modified ASTM method i s  f a s t e r  and 
provides  more e f f i c i e n t  s e p a r a t i o n s  than ASTM D-2549. In  t h i s  paper ,  
t h i s  modified ASTM procedure w i l l  be descr ibed  and t h e  r e s u l t s  compared 
t o  those  obtained from t h e  FIA (ASTM D-1319) and NMR procedures  ( 7 ) .  
Appl icat ion of s o l v e n t  e x t r a c t i o n  and c l a y  chromatography a l s o  i s  demon- 
s t r a t e d .  These techniques s e p a r a t e  polar  components and polynuclear  
aromatics  from o t h e r  d i e s e l  f u e l  components. 

'1 

EXPERIMENTAL 

Instrumentat ion 

The prep HPLC used t o  s e p a r a t e  t h e  d i e s e l  f u e l s  i n t o  hydrocar- 
bon group t y p e s  was a Prep LC/System 500 with a r e f r a c t i v e  index de tec tor  
from Waters Assoc ia tes .  An u l t r a v i o l e t  d e t e c t o r  from Gow Mac was a l s o  
used t o  monitor aromatic  components. Qual . i t a t ive  hydrocarbon group 
types i n  chromatographic f r a c t i o n s  were obta ined  with a Hewlett-Packard 
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5993 GC-MS while quantitative estimates were obtained with a Finnigan 
MAT-4000 GC-HS. ASTM D-2425 was employed for these quantitative estimates. 
A Varian FT-80A NMK was used for proton NMK analysis. 

Chromatographic Separations 

About 10 grams of diesel fuel was added to a silica gel column 
on the Prep HPLC. HPLC grade hexane was used to separate the sample 
into seven 250 mL fractions. Hexane was removed from each fraction 
with a rotary evaporator. Each fraction was weighed and analyzed by 
GC-MS for hydrocarbon type. Kecovery from the chromatographic column 
with hexane was about 90 wt%. 

Gas Chromatographic Analysis of Paraffin Fraction 

The column was stainless steel (6 ft by 1/8 inch) with 10% 
OV-101 on 80/100 VJ HP. Initial column temperature was 75°C and programmed 
at a rate of 5"C/min to a final temperature of 330°C. A thermal conducti- 
vity detector was used with helium as a carrier gas (30 cc/min) and 
a 1.5 ~1 injection volume. 

Dimethylsulfoxide Extraction 

200 mL of diesel fuel was extracted with 50 mL of reagent 
grade dimethylsulfoxide (DMSO). The bottom DMSO layer was separated 
from the top hydrocarbon layer. About 120 mL of distilled water was 
added to the DIvlSO layer. A ring of dark colored liquid separated on 
top, which was the polar components. 10 mL of heptane was then added 
and the contents mixed. This top organic layer was isolated, dried 
with sodium sulfate and filtered. The heptane was evaporated under 
a stream of nitrogen and this organic layer analyzed by GC-MS. 

- Clay Chromatography 

The procedure, which was developed by Pei, aritton and Hsu 
and described in reference (8) was used. 

RESULTS Ail) DISCUSSION 

Hydrocarbon Composition of Diesel Fuels 

Two 38 cetane number (ASTM D613) commercial diesel fuels 
were separated on silica gel into fractions. Hydrocarbon composition 
of each fraction was determined by qualitative and quantitative (ASTM 
D-2425) GC-MS. 

Qualitative GC-MS analyses confirmed that silica gel chromato- 
graphic separation yields fractions rich in paraffins and cycloparaffins, 
alkylbenzenes, indanes or tetralins, naphthalene, alkyl naphthalenes, 
acenaphthenes and biphenyls ana tricyclic aromatics. The separation 
of eacn group type of hydrocarbons in "Fuel B" as a function of elution 
volume (polarity) is summarized in Figure 1. Because this separation 
is done on a preparative scale, each class of hydrocarbons in not com- 
pletely separated. Each fraction contains two or more classes of hydro- 
carbons. i n  the conventional ASTM method, individual hydrocarbon types 
or classes are not separated. Aromatics are separated from non-aromatics 
and characterized by mass spectrometry. 

Although individual hydrocarbon classes are not separated 
! 
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completely, this modified quantitative GC-MS approach allows a compari- 
son of the concentration of group types of hydrocarbons of different 
fuels. A comparison between "Fuel A" and "Fuel B" is summarized in 
Table 1. 

The major difference in hydrocarbon composition between the 
two fuels is in alkyl naphthalene concentration. Naphthalenes are present 
at 31 wt% concentration in "Fuel B" and 9 . 1  wt% in "Fuel A." Other 
differences are in alkylbenzenes and indanes or tetralins present. 
We are not certain that differences in alkylbenzene concentration are 
analytically significant (7.7 wt% in "Fuel B" and 11.7 wt% in "Fuel 
A"), whereas w e  believe that differences in indane or tetralin are 
significant. "Fuel A" has a higher concentration of indanes or tetralins 
(10 .3  wt%) than "Fuel B" ( 1 . 2  wt%). Other differences found are of 
the order of the reproducibility of ASTM D-2425. 

Although aromatic content is about the same in both fuels 
by FIA analysis ( 4 0 . 5  vol% in "Fuel A" and 4 2  vol% in "Fuel B") , they 
differ by proton NMR ( 7 )  analysis ( 2 8 . 9  mole% in "Fuel A" and 3 6 . 7 %  
in "Fuel B"). This difference is due to the fact that only aromatic 
moieties (carbons) are counted by NMR whereas alkyl aromatics and indane 
types are counted in the FIA method. Total weight percent of alkylben- 
zenes, indanes or tetralins and alkylnaphthalenes in "Fuel A" (31 wt%) 
are equal t o  the total amount of alkylnaphthalenes found in "Fuel B" 
(31 wt%). The higher number of aromatic carbons in naphthalenes versus 
benzenes or indanes or tetralins is the reason that "Fuel B" shows 
a higher amount of aromatics by NMR than "Fuel A." 

same as that found by FIA analysis (about 4 0 . 4  w t l .  in "Fuel A" and 
42.8  wt% in "Fuel B." One difference between the methods is that GC-MS 
measures weight percent and FIA volume percent. Both methods use a 
silica gel column for the separation and count as aromatic the total 
weight or volume of any components that contain aromatic rings. For 
these reasons, it is not surprising that both methods give similar 
results. However, neither FIA nor NMR should be used alone to obtain 
aromatic content. The combination provides some insight into the type 
of aromatics that may be present and a more accurate picture of total 
aromatic composition. 

The total concentration of aromatics found by GC-MS is about the 

Composition of Paraffinic Fraction 

The paraffinic fraction composition of two fuels was studied 
by gas chromatography and revealed more than 45 peaks. About 52-54 
normalized weight percent of t h e  paraffinic fractions were normal para- 
ffins with the remainder being branched paraffins, olefins and/or cyclo- 
paraffins. "Fuel A" has a higher relative concentration of C ~ O  to C13 
- n-paraffins, while "Fuel B" is higher in C ~ U  to Czr ?-paraffins. These 
results are summarized in Table 2. 

Polar Components in Fuels 

"Fuel A" and "Fuel B" were extracted with dimethylsulfoxide 
to isolate polar components for identification. GC/MS analysis of this 
polar fraction showed alkylated condensed aromatic derivatives of naph- 
thalene, anthracene, phenanthrene, dibenzothiophene, carbazole and 
dibenzofuran. 

About 1 gallon of "Fuel B" was chromatographed on a clay 
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co1.umn (prep HPLC) to remove polar components for identification. GC-MS 
of the polar fraction identified it to be alkylated carbazoles. 

Table 3 lists example structures of components found in polar 
fractions. 

SUMMARY 

Compositions of hydrocarbons in two commercial diesel fuels have 
been obtained by a combination of preparative High Performance Liquid 
Chromatography (prep HPLC) and Gas Chromatography-Mass Spectroscopy 
(GC-MS). Two different GC-MS approaches are used; the first is qualita- 
tive and the second quantitative (modified ASTM-D-2425). Fuels are 
separated on a preparative silica gel column with a hexane solvent 
into group hydrocarbon types: paraffins, alkylbenzenes, indanes or 
tetralins and alkyl naphthalenes. Concentrations of  each class of identi- 
fied hydrocarbons are measured and compared for the two fuels. 

Each commercial fuel also was analyzed by Nuclear Magnetic Reso- 
nance (NMR) and the Fluorescent Indicator Analysis (FIA ASTM-D-1319) 
specifically for aromatic content. Differences in aromatic content 
obtained for each fuel by these two techniques are explained by results 
from the prep IIPLC/GC-MS approach. This paper demonstrates how aromatic 
content obtained by either the NMR or FIA methods alone is not adequate 
and may be misleading. 

It is important to understand the relationships between fuel composi- 
tion and cetane number, stability and coking tendency. By studying 
and understanding these relationships, the refiner will be able to 
more accurately prescribe treat levels of diesel ignition improvers 
(such as Ethyl's DII-3) or broader treatment products (such as Ethyl's 
DPI's) which reduce coking, enhance stability and provide other benefits. 

In an effort to isolate and identify polar components in fuels, 
two approaches have been explored: ( 1 )  dimethylsulfoxide (DMSO) extrac- 
tion; and ( 2 )  clay chromatography in combination with GC-MS. The follow- 
ing types of polar compounds and polynuclear hydrocarbons were identi- 
fied in DMSO fuel extracts: anthracenes, naphthalenes, phenanthrenes, 
carbazoles, dibenzothiophenes, dibenzofurans, etc. Preparative clay 
chromatography of one of these 38 cetane number diesel fuels selectively 
a1 lows separation of only carbazoles. 

Besides providing detailed fuel composition, multigram quantities 
of selected hydrocarbons, can be isolated by the preparative chromato- 
graphy approach outlined in this paper. These hydrocarbons could be 
used as analytical standards, further separated and analyzed or tested 
with or without additives in a bench test or engine. Results from this 
test work could provide a more fundamental understanding of the relation- 
ship between fuel structure and additive response. 
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TABLE 1 

Hydrocarbon Composition of "Fuel A" and "Fuel 5" 

by Gas Chromatography - kass Spectrometry (ASTrl D2425) 

"Fuel B" "Fuel A" 
Hydrocarbon Group Type Example ( w t % l  (wt%) 

Paraffins CH~-(CHZ.)~Q-CH~ 46.2 50 

tionocycloparaffins R " 0 "  

Alkylbenzenes 
R' 

2.2 1 

7 .7  1 1 . 7  

Indanes or Tetralins 1.2  10.3 

Indenes mR 0 1.1 

Naphthalene 0.1 0.6  

Alkyl Naphthalenes 31.0 9.1  

CHZ -CHz 
Acenapthenes and biphenyls 2.9 3.9 

R 

Acenaphthylenes 0.5 1 

K 
0.1 2.2 mR Tricyclic aromatics 

Material Balance 
Total Uiesel Fuel Components Accounted For 91.5 91.5 

K '  and R - alkyl groups or hydrogen 

a2 
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TABLE 2 

Relative Amounts of Normal Paraffins 

in Paraffinic Fractions of Diesel Fuels by Gas Chromatography 

Normal Paraffin 

C l O  

c11 

c7 2 

c13 

c14 

c15 

c16 

c17 

C 1 8  

c19 

c20 
c2 1 

c z  2 

c2 3 

Total Weight Percent 

Normalized Wt% 
"Fuel A" "Fuel B" 

0 . 9  
2 . 9  

4 . 9  

6 . 7  

8 . 5  
8 . 0  

7 .4  
6 . 0  
2 . 8  

1.3 
0 .8  

0 . 7  
0 .5  
0 . 3  

0 .4 
1.1 
2 . 0  

3 . 8  
8 . 9  

9 . 9  

9 .0  

8 . 6  

3 . 8  

3 . 0  
1.6 
0 . 9  
0 . 5  
- 

51 .7  5 3 . 5  

a3 



TABLE 3 

Example Structures of Components in Polar Diesel Fuel Fractions 

Identified by Gas Chromatography - Mass Spectrometry 

Fuel - 

"Fuel A" 

"Fuel 13" 
and 

"Fuel B" 

R - alkyl groups 

Name - Method Components 

alkyl 
naphthalene 

Dimethylsulfoxide 
Extraction 

alkyl 
anthracene 

alkyl 
phenanthrene 

alkyl 
dibenzothiophene 

alkyl 
di benzofuran 

alkyl 
carbazole 

H 

alkyl 
carbazole 

Clay Chromatography 

H 
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COMPUTER ENHANCED SEPARATION OF COMPOUND CLASSES IN FUEL MIXTURES 
USING A COMBINED LC-MS APPROACH 

Barbara L.  Hoesterey, William H. McClennen, Willem Windig and Henk L.C.  Meuzelaar 

University of U t a h ,  Biomaterials Profiling Center 
391 5. Chipeta Way, Suite F ,  Research Park 

Salt  Lake City, Utah 84108 

INTRODUCTION 

L i q u i d  Chromatography ( L C )  methods play a n  important role in coal liquid analysis 
both as pre-separation techniques fo r  further analytical studies as well as coal 
liquid characterization methods in the i r  own r igh t .  Among the many d i f fe ren t  LC 
separation methods fo r  coal l iquids,  those described by Farcasiu ( 1 )  and Dark et a l .  
(2)  have gained re la t ive ly  wide acceptance. 
s i l i c a  gel separation method developed by Rubin et at. ( 3 )  was described by McClennen 
et aZ.(4) and adapted for  GC/MS as well as d i rec t  low voltage MS studies.  
modified technique involves the use of four increasingly polar eluents:  namely 
Pentane, pentane/benzene (8 :1) ,  benzene/ether ( 4 : l )  and benzene/methanol (1 :1). Low 
voltage MS analysis of the four subfractions obtained from coal tars produced by a 
range of different liquefaction methods consistently reveals the following compound 
categories: (1st subfraction) a l ipha t ic ,  naphthenic and aromatic hydrocarbons; (2nd 
subfraction) polynuclear aromatic hydrocarbons; (3rd subfraction) hydroxyaromatics; 
and  ( 4 t h  subfraction) polyfunctional and nitrogen compounds (4,5).  

In most instances, the f i r s t  (pentane) fraction i s  s t i l l  too complex for a useful 
degree of compound c lass  quantitation since t h i s  fraction contains a variety of 
a l ipha t ic  compound ser ies  as well as a l icyc l ic ,  hydroaromatic and aromatic se r ies .  
On the basis of elementary LC principles,  however, i t  can be predicted tha t  the 
various hydrocarbon compound classes will e lu te  a t  s l igh t ly  d i f fe ren t  points in 
time. 
i t  would be unrea l i s t ic  t o  expect a complete separation, even when using sophisti-  
cated HPLC methods, therefore considerable overlap will occur among the various 
compound ser ies .  Nevertheless, combination with MS techniques opens up  the possi- 
b i l i t y  of achieving numerically enhanced separation between incompletely resolved 
chromatographic peaks. This approach i s  widely used in combined GC/MS techniques. 
However, whereas on-line GC/MS instrumentation i s  widely available,  on-line LC/MS 
methods a re  s t i l l  under development and require expensive, dedicated equipment. 
contrast ,  off-l ine LC/MS procedures can be carried out w i t h  r e la t ive ly  simple LC and 
MS equipment as demonstrated by Meuzelaar et a l .  ( 5 ) .  
an off-l ine LC-MS approach as applied t o  the pentane LC fraction of a heavy coal 
pyrolysis tar, will be reported here. 

EXPERIMENTAL 

The pentane LC fraction of a heavy pyrolysis t a r  produced by a p i lo t  plant sca le  
L u r g i  re tor t  r u n  of a Blind Canyon seam (Wasatch Plateau f i e l d ,  Utah) coal was 
prepared according t o  the method described by McClennen et a t .  ( 4 ) .  
t h i s  pentane fraction was subfractionated over a 0.7 cm dia.  X 29 cm long glass 
column packed w i t h  activated 120/200 mesh s i l i c a  gel (Baker analyzed reagent) using 
hexane (pesticide grade) as the eluent. 
fraction ( a  viscous l iqu id)  were layered o n  the s i l i c a  gel column. Thirty ml of 
hexane were used t o  e lu te  the ta r  fraction. The f i r s t  ten fractions were collected 
every 0.5 t o  0.75 ml. 
Fractions 18 and 19 were collected every 2 ml. Fractions were evaporated with a 
flow of nitrogen gas t o  between one half and one fourth volume. 

A modified version of an open column 

This 

I n  view of the broad range of molecular s izes  as well as structures involved 

In 

Preliminary resu l t s  of such 

Subsequently, 

Approximately 0.7 g of the pentane LC 

Fractions 11 t o  17  were collected every 1 to  1.5 m l .  
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The n ineteen sub f rac t i ons  were analyzed by low vo l tage  (12 eV) mass spectrometry 
us ing  a heated i n l e t  and c a p i l l a r y  tube sample i n t r o d u c t i o n  procedure as described 
by McClennen e t  aZ. ( 5 ) .  
summed f o r  each sub f rac t i on .  
r o u t i n e  o f  t h e  SPSS program package ( 6 )  i n  combination w i t h  fac to r  r o t a t i o n  methods 
developed by Windig et aZ. (7 ) .  

E i g h t  hundred scans over  t h e  mass range m/z 20 t o  260 were 
Data ana lys i s  was performed us ing t h e  f a c t o r  ana lys i s  

RESULTS AND DISCUSSION 

The low vo l tage mass spec t ra  of t h e  o r i g i n a l  Lu rg i  t a r  and i t s  pentane LC f r a c t i o n ,  
shown i n  F igure 1, i l l u s t r a t e  the  effect iveness o f  t he  LC procedure i n  separat ing 
hydroxyaromatic s e r i e s  (e.g., phenols and indano ls )  which appear i n  t h e  benzene/- 
e t h e r  f r a c t i o n  (49% y i e l d ;  n o t  shown) from the  hydrocarbon components. Moreover, 
a l though some th ree  and four  r i n g  aromatic hydrocarbons, e.g., phenanthrene/- 
anthracene and pyrene, appear i n  t h e  pentane f r a c t i o n  (F igure l b )  t h e i r  r e l a t i v e  
abundance i s  decreased i n  comparison w i t h  the  spectrum o f  t h e  whole t a r  (F igure l a ) .  
Th i s  i s  due t o  the  f a c t  t h a t  po lynuclear  aromatic hydrocarbon se r ies  are concen- 
t r a t e d  i n  t h e  second (pentane/benzene) f r a c t i o n  (no t  shown; see reference 8 )  which 
accounts f o r  9% of t he  t o t a l  t a r .  

When evaluat ing F igu re  1, i t  should be pointed ou t  t h a t  no t  a l l  of the L u r g i  t a r  was 
vacuum d i s t i l l a b l e  ( res idue  a t  400°C -5%; see reference 8 ) .  
represents a combined evapora t i on lpy ro l ys i  s mass spectrum. 
h ighe r  b o i l i n g  t a r  components (e.g., vacuum d i s t i l l a b l e  between 2OOOC and 400°C) may 
have been l o s t  by condensation i n  the mass spectrometer i n l e t .  To a l e s s e r  extent ,  
a s i m i l a r  problem may e x i s t  w i t h  the  pentane f r a c t i o n  i n  F igure l b .  Furthermore, i t  
should be pointed ou t  t h a t  the chemical i d e n t i t i e s  o f  t he  i o n  species o u t l i n e d  i n  
F igu re  1, as we l l  as i n  subsequent f igures,  are t e n t a t i v e  on ly  s ince  these were 
based on p r i o r  exper ience w i t h  o the r  coa l  t a r s  (4,8,9) r a t h e r  than on p o s i t i v e  
i d e n t i f i c a t i o n  by combined GC/MS ( 4 )  o r  MS/MS (10) techniques. 

F igu re  2 shows t h a t  t h e  expected separat ion o f  hydrocarbon compound c lasses du r ing  
e l u t i o n  w i t h  hexane ( o r  pentane) from the  s i l i c a  ge l  column does indeed take  place. 
Subfract ions 1 (F igu re  Za), 11 (F igu re  2b) and 19 (F igu re  Zc) are found t o  con ta in  
p r i m a r i l y  a l i p h a t i c  hydrocarbons, c y c l i c  terpenoids and a l k y l s u b s t i t u t e d  aromatics, 
respec t i ve l y .  The a l i p h a t i c  p a t t e r n  i n  F igure l a  e x h i b i t s  the f a m i l i a r  a1 kane/- 
alkene/diene t r i p l e t s  up t o  c18 (probably con t inu ing  beyond the recorded mass range) 
i l l u s t r a t i n g  t h a t  good q u a l i t y  a l i p h a t i c  hydrocarbon spec t ra  are obta ined under the  
l ow  vo l tage e l e c t r o n  i o n i z a t i o n  cond i t i ons  used i n  t h i s  experiment. Through subse- 
quent f rac t i ons  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  the a lkane components d imin ishes i n  
favor  Of t h e  o l e f i n i c  compound se r ies  (not  shown) u n t i l  isoprenoid- type spec t ra l  
pa t te rns  appear i n  f r a c t i o n s  10 and 11. 
(F igu re  2b) i s  dominated by the c h a r a c t e r i s t i c  rearrangement-type fragment i o n  
s e r i e s  from decal ins and h igher  terpanes a t  m/z 82, 96 and 110 as we l l  as equa l l y  
c h a r a c t e r i s t i c  fragment i ons  a t  m/z 163 (C12Hig+) and 191 (C14H23'). 
i o n  a t  m/z 191 i s  o f t e n  used i n  GC/MS s tud ies  o f  hydrocarbon f rac t i ons  of geo- 
chemical o r i g i n  t o  i d e n t i f y  c y c l i c  terpanes and terpenes ( i n c l u d i n g  sesqui-,  d i -  and 
t r i t e r p a n e s  and - terpenes)  (11,12,13) a l though i t  i s  a l s o  a major fragment i o n  of 
t h e  a c y c l i c  isoprenoid p r i s t a n e  (14) .  A c l o s e r  i nspec t i on  of the sesqui terpenoid 
molecular i o n  r e g i o n  o f  t he  spectrum i n  F igure 2b revea ls  the expected peaks a t  m/z 
208 (sesquiterpanes) and 206 (sesquiterpenes). 
these pa t te rns  through subsequent hexane f r a c t i o n s  (e.g., 12 and 13; n o t  shown) a 
gradual s h i f t  towards more unsaturated sesquiterpenoids (e.g., a t  m/z 204 and 202) 
can be observed, f i n a l l y  cumulat ing i n  the jump t o  m/z 198 (cadalene) a t  t h e  s t a r t  
of t h e  a lky lnaphthalene se r ies  i n  the l a s t  f o u r  f r a c t i o n s  (see f r a c t i o n  19 i n  F igure 

Therefore, F igure l a  
Moreover, some of the 

The te rpeno id  p a t t e r n  i n  f r a c t i o n  11 

The fragment 

Upon f o l l o w i n g  the  e v o l u t i o n  of 

2c). 
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I 

The foregoing discussion i l l u s t r a t e s  t ha t  a t  l ea s t  three (a l ipha t ics ,  naphthenics 
and aromatics), and perhaps as much as f ive  (alkanes, o le f ins ,  a l icyc l ics ,  hydro- 
aromatics and aromatics), compound classes can be seen t o  e lu te  in consecutive 
fashion and, thus, can be evaluated qua l i ta t ive ly .  However, significant problems 
are encountered when trying t o  obtain a quantitative estimate of the re la t ive  abun-  
dances and yields of these compound classes by means of selected ion in tens i t ies .  
Whereas m/z 191 and 156 are  found t o  provide good elution profiles for  the terpenoid 
and two ring aromatic f rac t ions ,  respectively (see Figure 3 ) ,  no completely sa t i s -  
factory fragment ion signals a re  found fo r  the a l ipha t ic  components, due t o  strong 
Overlap with the a l icyc l ic  and aromatic compound groups, as shown i n  Figure 4 .  

I n  View of the fac t  the single variables prove unsatisfactory for  quantitation pur- 
poses, multivariate approaches s u c h  a s  factor analysis appear to  be indicated in th i s  
case. Figure 5 shows a plot of  the scores of the f i r s t  two fac tors  obtained on the 
low voltage mass spectra of 17 of the original 19 subfractions (subfractions 3 and 
14 were eliminated because of aberrant behavior in the fac tor  analysis) .  Together 
these two factors explain as much as  72.9% of the to ta l  variance in the mass 
spectra. In other words, the in t r in s i c  (" t rue")  dimensionality of the data set i s  
close t o  2. 
behavior of the data se t .  
indicated by the near tr iangular arrangement of the data points in Figure 5 with 
a l ipha t ics  (alkanes t o le f in i c s ) ,  naphthenics (a l icyc l ics  + hydroaromatics) and 
aromatics representing the three corner points of the t r iangle .  As shown in pre- 
vious multivariate analysis studies of mass spectra of ternary mixtures (5,7,15) the 
re la t ive  concentration of the components i n  such mixtures can be d i rec t ly  estimated 
from the factor analysis scores. The factor scores of the three component axes A ,  B 
and C representing a l ipha t ic ,  naphthenic and aromatic components, respectively, a re  
plotted i n  Figure 6 and show the re la t ive  concentrations of these compound classes 
d u r i n g  elution of the subfractions from the s i l i c a  gel column. 
of absolute concentration values requires the ava i lab i l i ty  of suitable reference 
standards (e.g,  reference mixtures obtained by repeated LC analysis of representa- 
t i ve  coal t a r s )  and has not been attempted here. 

I t  should be noted tha t  the factor score plot in Figure 6 shows a numerically 
enhanced separation of the a1 iphatic and naphthenic compound classes in comparison 
t o  the selected ion intensity plots in Figure 4. Finally,  i t  should be pointed out 
tha t  the a l ipha t ic  and naphthenic compound classes i n  Figure 6 may each be sub- 
divided fur ther  into a t  l eas t  two classes (as indicated by arrows) by using 
additional factor analysis data ( fac tor  I11 represents 12 .7% of the to ta l  variance). 
This would resu l t  in a to ta l  of f ive  compound classes:  alkanes, o le f ins ,  a l i cyc l i c s ,  
hydroaromatics and aromatics. 
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I 

Figure 3. Relative ion intensities of selected ion intensities representing specific compound classes 
present in the subfractions. See text for details. 

I 

Figure 4. Relative ion intensities of selected fragment ions representing general compound classes present 
in the subfractions. 
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Figure 5 .  Score plot of subfractions on factors 1 and 2 with cmponent axes indicated. 
a ternary mixture diagram. 

Note resemblance to 

,f\ B (NAPHTHENK: ,’( COMPONENT) 

e 4 6 B Ib le 14 Id 
ELUTION MLUME (rnl) 

Figure 6. Relative scores o f  subfractions on cmponents A. B. and C versus 
elution volume (calculated fran factor score plot  I n  Figure 5). 
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Coal-derived products  a r e  extremely complex mixtures  of o r g a n i c  chemi- 
c a l s ,  t h e  major i ty  of which a r e  polycycl ic  aromatic  compounds (PAC). While 
t h e  polycycl ic  a romat ic  hydrocarbons ( P A H )  comprise t h e  l a r g e s t  chemical c l a s s  
f r a c t i o n  of most c o a l  products ,  there  a r e  s u b s t a n t i a l  amounts of n i t rogen- ,  
s u l f u r - ,  and oxygen-containing PAC. Af te r  f r a c t i o n a t i o n  of the  ni t rogen-  
conta in ing  PAC f r a c t i o n ,  i t  was found t h a t  t h e  amino p o l y c y c l i c  a r o m a t i c  
hydrocarbons ( A P A H ) ,  which a r e  present  i n  low c o n c e n t r a t i o n s  ( u s u a l l y  less 
t h a n  1 % ) ,  were r e s p o n s i b l e  f o r  t h e  major p a r t  of t h e  mutagenici ty  ( 1 - 4 ) .  The 
n i t rogen  he terocycles  were g e n e r a l l y  much less mutagenic than  t h e  A P A H .  This  
r e s u l t  has prompted t h e  i n v e s t i g a t i o n  of o t h e r  p o s s i b l e  t r a c e  cmponents  i n  
c o a l  products ,  p a r t i c u l a r l y  t h e  PAC t h a t  c o n t a i n  two heteroatoms,  t h a t  may be 
r e s p o n s i b l e  fo r  some of t h e  observed b i o l o g i c a l  a c t i v i t y .  

In t h i s  paper ,  t h e  a n a l y s i s  of a s o l v e n t - r e f i n e d  coa l  l i q u i d  and a coa l  
t a r  f o r  PAC which c o n t a i n  both n i t rogen  and s u l f u r  heteroatoms is descr ibed .  
C a p i l l a r y  column gas chromatography with s u l f u r - s e l e c t i v e  f lame photometr ic  
d e t e c t i o n  and mass spec t romet ry  were used t o  i d e n t i f y  s e v e r a l  new compounds 
which were prev ious ly  unrepor ted .  Pure r e f e r e n c e  compounds were a l s o  synthe- 
s i z e d  and  t e s t e d  f o r  g e n o t o x i c i t y .  

EXPERIMENTAL 

The s o l v e n t - r e f i n e d  coa l  heavy d i s t i l l a t e  (SRC I1 HD: 260-450°C b o i l i n g  
p o i n t  range)  was obta ined  from t h e  F o r t  L e w i s ,  Washington ,  p i l o t  p l a n t  
(opera ted  by t h e  P i t t s b u r g h  & Midway Coal Mining Co.) .  The coa l  t a r  was 
obta ined  from S.A. Wise (Nat iona l  Bureau of S tandards ,  Washington, D.C.) .  The 
f o u r  aminodibenzothiophene isomers and aza th iophenic  compounds used i n  t h i s  
s tudy  were not  commercially a v a i l a b l e  and ,  t h e r e f o r e ,  had t o  be synthes ized  i n  
our own l a b o r a t o r i e s .  The s y n t h e t i c  procedures  a r e  r e p o r t e d  e l sewhere  ( 5 , 6 ) .  

The SRC I1 HD m a t e r i a l  and coa l  t a r  were f r a c t i o n a t e d  i n t o  chemica l  
classes by a d s o r p t i o n  chromatography on n e u t r a l  alumina and s i l i c i c  a c i d  
according t o  t h e  procedure of Later  et. ( 7 ) .  The t h i r d  f r a c t i o n  (A-3) 
which was composed of t h e  n i t rogen-conta in ing  P A C ,  t h e  second s i l i c i c  ac id  
f r a c t i o n  (5-2) which was composed of t h e  A P A H ,  and t h e  t h i r d  s i l i c i c  ac id  
f r a c t i o n  (S-3) which was composed of t h e  t e r t i a r y  n i t rogen-conta in ing  PAC were 
analyzed i n  t h i s  s tudy .  Acid e x t r a c t i o n  with H2SO4, and d e r i v a t i z a t i o n  w i t h  
pentaf luoropropionic  anhydride (PFPA) were prev ious ly  descr ibed  ( 8 ) .  
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A Hewlett-Packard Model 5880 gas  chromatograph equipped with a s u l f u r -  
s e l e c t i v e  f lame photometr ic  d e t e c t o r  (FPD), and opera ted  i n  t h e  s p l i t l e s s  
i n j e c t i o n  mode was used t o  o b t a i n  chromatographic r e t e n t i o n  da ta .  Hydrogen 
was used a s  t h e  c a r r i e r  gas  a t  a l i n e a r  v e l o c i t y  of 100 em s-1. The c a p i l l a r y  
column used i n  t h i s  s t u d y  was prepared by c o a t i n g  a 20 m x 0.31 mm i . d .  l e n g t h  
of fused s i l i c a  tub ing  (Hewlett-Packard, Avondale, PA)  with a 25% biphenyl 
polymethyls i loxane s t a t i o n a r y  phase (0.25 u m  f i l m  t h i c k n e s s )  ( 9 ) .  A Hewlett- 
Packard Model 5982A GC-MS system was used t o  o b t a i n  mass s p e c t r a l  confirm- 
a t i o n  of i d e n t i f i e d  compounds. The same chromatographic column was used a s  
f o r  gas  chromatography, and t h e  mass spec t rometer  was opera ted  i n  t h e  e l e c t r o n  
impact  mode a t  70 eV e l e c t r o n  energy. The A m e s  mutagenici ty  assay  was 
performed a s  descr ibed  by Ames e t  a l .  (10)  with minor modi f ica t ions .  

RESULTS A N D  DISCUSSION 

The chromatogram of t h e  SRC I1 H D  A-3 f r a c t i o n  on  t h e  25% b i p h e n y l  
methylpolysi loxane s t a t i o n a r y  phase is  shown i n  F igure  1 .  Retent ion times 
were compared with t h e  newly synthes ized  s tandard  samples, and t h e  1 -  t o  
4-aminodibenzothiophenes and var ious  aza th iophenic  compounds were i d e n t i f i e d .  
Severa l  small  peaks (most l i k e l y  su l fur -conta in ing  secondary n i t rogen  hetero-  
cycles) were e l i m i n a t e d  a f t e r  a c i d  e x t r a c t i o n  of t h e  f r a c t i o n .  A modi f ica t ion  
of t h e  method d e s c r i b e d  by Later  et a l .  ( 1 1 )  was used t o  d i s t i n g u i s h  t h e  
s u l f u r / t e r t i a r y  n i t rogen-conta in ing  PAH and s u l f u r / a m i n o - c o n t a i n i n g  P A H .  
Comparison of t h e  chromatogram of the  PFP d e r i v a t i v e s  with F igure  1 showed 
t h a t  some of t h e  peaks s h i f t e d  i n  r e t e n t i o n  t i m e  a f t e r  d e r i v a t i z a t i o n .  
Retent ion times f o r  t h e  PFP amide d e r i v a t i v e s  decreased because t h e  polar  
amino groups were blocked by  t h e  PFP groups,  caus ing  l e s s  d i p o l e / i n d u c e d  
d i p o l e  i n t e r a c t i o n s  wi th  t h e  p o l a r i z a b l e  biphenyl  s t a t i o n a r y  phase. I d e n t i -  
f i c a t i o n  of t h e  f o u r  aminodi benzothiophene isomers was confirmed by comparing 
the  r e t e n t i o n  times of t h e  PFP-derivat ized s t a n d a r d s  with t h e  r e t e n t i o n  times 
of t h e  s h i f t e d  peaks i n  t h e  chromatogram of t h e  PFP-derivat ized A-3 f r a c t i o n .  
A chromatogram of t h e  S-2 APAH f r a c t i o n  of t h e  SRC I1 H D  showed only amino- 
dibenzothiophenes and a l k y l a t e d  aminodibenzothiophenes. 

The chromatogram of  t h e  c o a l  t a r  A-3 f r a c t i o n  on t h e  25% biphenyl 
methylpolysi loxane s t a t i o n a r y  phase is shown i n  F igure  2. Re ten t ion  times of 
compounds i n  both t h e  A-3 and S-3 f r a c t i o n s  were compared w i t h  t h e  re ference  
samples, and 3 i somers  of the  azabenzothiophenes and a l l  i s o m e r s  o f  t h e  
azadibenzothiophenes were i d e n t i f i e d .  I n  c o n t r a s t  t o  t h e  SRC I1 H D ,  aza th io-  
phenic compounds were major components and aminodibenzothiophenes were not  
found . 

Fur ther  conf i rmat ion  of peak i d e n t i t i e s  was obta ined  by GC-MS a n a l y s i s .  
Table  1 l ists t h e  r e l a t i v e  r e t e n t i o n  times of t h e  PAC conta in ing  both s u l f u r  
and n i t rogen  i d e n t i f i e d  i n  t h i s  s tudy and t h e  r e s u l t  of semi-quant i ta t ion  of 
s e v e r a l  of t h e s e  compounds i n  t h e  samples. 

Ter t ia ry  n i t r o g e n  h e t e r o c y c l e s  a r e  more thermal ly  s t a b l e  than amino- 
conta in ing  PAC, and w e  major n i t rogen-conta in ing  PAC i n  coal-der ived products  
( 1  2 ) .  Azathiophenic compounds were t e n t a t i v e l y  i d e n t i f i e d  i n  an anthracene 
O i l  and coa l  t a r  us ing  GC-MS by Burchi l l  e t  a 1 . ( 1 2 , 1 3 ) .  However, t h e  amino- 
dibenzothiophenes were t h e  major nitrogen/sulfur-containing h e t e r o c y c l e s  
i n  t h i s  Coal l i q u i d ,  whi le  t h e  aza th iophenic  compounds were t h e  major ones i n  
t h e  coa l  tar .  The d i f f e r e n c e  between t h e  two coal-der ived products  apparent ly  
r e l a t e s  t o  t h e  r e a c t i o n  c o n d i t i o n s .  I n  t h e  SRC I1 process ,  hydrogen was used 
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Figure 1. FPD chromatogram of the SRC I1 HD A-3 fraction on a 25% biphenyl 
polysiloxane stationary phase. Conditions: temperature program from 120°C 
to 265'C at 4°C min-I, after an initial 2-min isothermal period; hydrogen 
carrier gas at 100 cm s-1 .  
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Peak assignments are listed in Table 1. 
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Figure 2. FPD chromatogram of the coal tar A-3 fraction on a 25% biphenyl 
polysiloxane stationary phase. Conditions: temperature program from 70 "c 
to 120°C at 10°C min'l, then from 120°C to 265°C at 4 ° C  min-1, after an 
initial 2-min isothermal period; hydrogen carrier gas at 100 cm s-1 .  
Peak assignments are listed in Table 1. 
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Table 1. Relative retention times and semi-quantitation (selected examples) 
of PAC containing both sulfur and nitrogen in an SRC I1 heavy 
distillate coal liquid and a coal tar. 

Peak Compounda 
No. 

Relative Retention Concentrationc 
Timeb (ug/g) 

S R C  I1 HD Coal Tar 

1 4-azabenzothiophene 0.361 
3 
2 
4 
6 
7 
5 
a - 
9 

1 1  
12 
13 
10 
14 
15 
16 

17 
- 
- - 
18 
19 

6-azabenzothiophene 
7-azabenzothiophene 
1-azadibenzothiophene 
2-azadibenzothiophene 
3-azadibenzothiophene 
4-azadibenzothiophene 
azadi benzothiophene isomers 
l-azanaphtho[2,1-k]thiophene 
azaphenanthro[4,5-b,c,dlthiophene 

1-aminodibenzothiophene 
2-aminodibenzothiophene 
3-aminodibenzothiophene 
4-aminodibenzothiophene 
C1 aminodibenzothiophene 
C2 aminodibenzothiophene 
3-azaphenanthro[9,10-k]thiophene 
3-azaphenanthro[2,1-k]thiophene 
3-azaphenanthro[4,3-k]thiophene 
1-azaphenanthroC lt2-L]thiophene 
5-azabenzo[b_]naphtho[lt 2-glthiophene 
azabenzonaphthothiophene isomers 
C1 azabenzonaphthothiophene isomers 

isomers 

0.380 
0.361 
0.956 
1.05 
1.05 
1.04 

0.979 
- 

- 
1.47 
1 .52 
1.54 
1.43 - - 
1.74 

1.80 
1.78 

- d  
- d  - - 

0.32 
0.11 
2.5 
0.33 

0.18 

1.7 

acornpounds which are not numbered were not found in these coal-derived 

bRetention relative to naphto[2,3-k]thiophene. 
CApproximate concentration in ug/g in the crude SRC I1 heavy distillate 

dCompound did not elute under the chromatographic conditions used. 

products. 

and the coal tar. 

in the reaction, and metals contained in the recycle oil were utilized as 
catalysts (1  4). Therefore, aminodibenzothiophenes seem to be more abundant 
than azathiophenic compounds in the coal liquid because of hydrogenation 
in the process. On the other hand, sulfur/tertiary nitrogen-containing 
PAC were thought to be major components in the high-temperature treated coal 
tar Sa.InPle. Similarly, the easily desulfurized sulfur heterocycles such as 
naphtho[2,3-blthiophene, 4- and 5-ring sulfur heterocycles derived from 
naphtho[2,3-blthiophene were not found in SRC I1 sample, while these sulfur 
heterocycles were present in the same coal tar as reported elsewhere (15). 

The mutagenicities of all isomers of the aminodibenzothiophenes and the 

1 
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Table  2. Ames mutagenic i ty  of t h e  aminodibenzothiophenes and azadibenzo- 
th iophenes .  

Compound rev/& R2 

1-aminodibenzothiophene 
C -- 0% S9b 

4% S9d 2.36 0.96 

0% S9b 9.07 0.98 
4% s 9 e  1.94 x 104 0.97 

0% S9b 4.74 0.90 
4% S9f 3.43 x 103 0.97 

2- a m i  nodi benzo t h i  ophene 

3- ami nodi benzo t hiophene 

4-aminodi benzothiophene 
C 
C 

-- -- 0% S9b 
4% S9d 

4% s9g 

4% S9h 

4% S9h 

4% s9g 

1 -azadi  benzothiophene 

2-azadi benzothiophene 

3-azadi benzothiophene 

4-azadi benzothiophene 

C -- 

C -- 
C -- 
C -- 

aLinear response  r e g i o n  used t o  c a l c u l a t e  dose response  by 

bSolvent c o n t r o l  va lue  (0% S9):  2124 
CResponse < 2X s o l v e n t  c o n t r o l  v a l u e s  
dSolvent c o n t r o l  va lue  (4% S9):  3855 
eSolvent c o n t r o l  va lue  ( 4 %  S 9 ) :  2954 
fSolvent  c o n t r o l  va lue  ( 4 %  S9) :  3 1 ~ 4  
gSolvent  c o n t r o l  va lue  (4% S9):  3852 
hSolvent c o n t r o l  va lue  (4% S9): 4626 

l i n e a r  r e g r e s s i o n  c u r v e  f i t t i n g .  

azadibenzothiophenes a r e  l i s t e d  i n  Table  2. The 2- and 3-aminodibenzothio- 
phenes a r e  s t r o n g l y  mutagenic,  and t h e i r  average  mutagenic r e s p o n s e  was t e n  t o  
one hundred t imes g r e a t e r  than  t h e  average response  of benzo[a_]pyrene (200-300 
r e v e r t a n t s / p l a t e  a t  4 ug and 4% S9) ( 1 6 ) .  A l l  isomers of t h e  azadibenzo- 
thiophenes were i n a c t i v e .  A comparison of t h e  s t r u c t u r e s  of aminodibenzo- 
thiophenes t o  the  aminophenanthrenes r e v e a l s  a geometr ic  s i m i l a r i t y  between 
them. The 2-, 3-, and 9-aminophenanthrenes demonstrated t h e  h i g h e s t  muta- 
g e n i c i t y  of t h e  aminophenanthrene isomers ( 1  7 ) .  The 3 -aminophenan th rene  
isomer had t h e  s t r o n g e s t  mutagenic i ty  (30,300 r e v l u g  average  r e s p o n s e ) ,  and 
t h i s  s t r u c t u r e  is analogous t o  2-aminodibenzothiophene which  i s  t h e  most 
a c t i v e  of t h e  aminodibenzothiophene isomers .  
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NEW CHEMICAL STRUCTURAL FEATURES OF COAL. STRUCTURE OF COAL DERIVATIVES (1)  

Ben Fc. Benjamin and E. C. Douglas 
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INTRODUCTION 

The t r a n s a l k y l a t i o n  reac t i on  has been used by several researchers t o  i n v e s t i -  
gate the s t r u c t u r e  o f  coal  and o t h e r  f o s s i l  f ue l s .  Heredy and Neuworth (2 )  f i r s t  
app l i ed  the method t o  depolymerize coal under cond i t i ons  t h a t  were m i l d  enough so 
t h a t  unal tered monomeric u n i t s  could be recovered. The i r  procedure consis ted o f  
heat ing coal w i t h  boron t r i f l u o r i d e  i n  phenol. The boron t r i f l u o r i d e  c a t a l y s t  
served t o  cleave a romat i c -a l i pha t i c  bonds and phenol served as so l ven t  and acceptor 
t o  g i v e  a lky lphenols .  The product f r a c t i o n  con ta in ing  the  a lky lphenols  was recov- 
ered and analyzed (3,4). Th is  f r a c t i o n  was found t o  con ta in  iso-propylphenol, 
e t h y l  phenol and dihydroxydiphenylmethanes, thus con f i rm ing  t h c r e s e n c e  of i so -  
propyl,  e thy l ,  and methylene groups i n  coal .  Fur ther  work was done w i t h  t h e  
coal-BF,-phenol system by Ouchi ( 5 )  and Larsen (6) .  L a t e r  Franz (7)  showed t h a t  
c e r t a i n  phenolic d e r i v a t i v e s  undergo condensation reac t i ons  t o  g i v e  he te rocyc l i c  
compounds which are n o t  d i r e c t l y  de r i ved  from coal .  

The t r a n s a l k y l a t i o n  reac t i on  was f u r t h e r  developed by Farcasiu (81, who used 
trifluoromethanesulfonic acid,  CF,SO,H, as c a t a l y s t  and xylene as so l ven t  and ac- 
ceptor. The method was use fu l  i n  o b t a i n i n g  q u a l i t a t i v e  and q u a n t i t a t i v e  in format ion 
on methylene connecting groups and a l k y l  subs t i t uen ts  i n  petroleum res ids .  We have 
modi f ied t h i s  method f o r  use i n  probing the  s t r u c t u r e  o f  coal. 
CF,SO,H as c a t a l y s t  and to luene as so l ven t  and acceptor (9) .  
the t r a n s l k y l a t i o n  reac t i on ,  we i d e n t i f i e d  a l a r g e  number o f  groups i n  coal  (9)  and 
compared the  s t ruc tu res  o f  n ine  d i f f e r e n t  coals  (10). 
periments were a l so  reported. I n  t h i s  paper, we present p re l im ina ry  i n fo rma t ion  on 
the s t ruc tu re  o f  t he  f o l l o w i n g  products  de r i ved  from coal :  
p y r i d i n e  i nso lub le  res idue from Ky #9 coal ,  0-methylated I11 #6 coal ,  B i r c h  reduced 
I11 #6 coal ,  Coke from I11  #6 coal ,  and SRC from Ky #9 coal. 

Our method employs 
Using ou r  ve rs ion  of 

Relevant model compound ex- 

Py r id ine  e x t r a c t  and 

EXPERIMENTAL 

The procedure used here i s  t he  same as t h a t  used e a r l i e r  (9,lO). B r i e f l y ,  4 g 
o f  s t a r t i n g  ma te r ia l  a re  mixed w i t h  20 m l  o f  to luene a f t e r  which 2 m l  o f  CF,SO,H a re  
added. 
quenched by adding NaHCO, and H,O. 
to luene s o l u t i o n  i s  i s o l a t e d  and analyzed by c a p i l l a r y  gc and c a p i l l a r y  gc-ms. The 
o r i g i n a l  procedure c a l l s  f o r  f o u r  consecut ive r e a c t i o n  steps, o r  cycles, t o  recover 
most of t he  exc isable groups. 
reac t i on  cycle. 

Coke was prepared by heat ing powdered I11  #6 coal i n  a quar tz  tube t o  800°C f o r  
1 hour i n  a stream o f  argon. 0-Methylated coal  was prepared by an adaptat ion o f  t he  
L i o t t a  procedure (11). 
Hombach procedure (12). 

The ma te r ia l  r e f e r r e d  t o  as SRC i s  f i l t e r e d  SRC T102 bottoms, Run No. 72, K125, 
Date-4/19/76, SN No. 74690, suppl ied by W. H. Webber, EPRI. 

The mixture i s  s t i r r e d  under r e f l u x  f o r  48 h r s  and then the r e a c t i o n  i s  
An i n t e g r a t i o n  reference i s  added and the  

Here we r e p o r t  on l y  se lected data from the  f i r s t  
The data are recorded i n  Tables 1 and 2. 

B i r c h  reduced coal  was prepared by an adaptat ion of the 

RESULTS AND DISCUSSION 

The mechanism (13) f o r  t r a n s f e r  o f  e t h y l  groups, o r  o the r  n - a l k y l  groups, from 
benzene t o  toluene i s  shown i n  F igure 1. 
1 , l -d i t o l y le thane  a l s o  should appear i n  the  product  mix ture.  
benzene r i n g  i s  replaced by a coal aromatic c l u s t e r  and e t h y l  i s  any n - a l k y l  group, 
i t  i s  an t i c ipa ted  t h a t  n-a lky l to luenes,  1 , l -d i t o l y la l kanes  and a v a r i e t y  o f  f ree 

Extension o f  the mechanism suggests t h a t  
Assuming t h a t  the 
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aromatics will appear in the product mixture. Tertiary alkyl groups transfer 
through f ree  ca t ion ic  intermediates while secondary alkyl and benzylic groups 
probably t ransfer  through mixed mechanisms. 

Actually, a la rge  number of derivatives of toluene as  well as other compounds 
are found i n  the product mixture (9,lO). 
lected a limited number of these compounds. The selection i s  made on the basis of 
two cr i te r ia :  these groups a re  the most prevalent in most of the samples, and they 
represent groups which demonstrate s imi la r i t i es  o r  differences between the samples. 
Other important aspects of the results will be presented i n  a future paper along 
with 2nd-4th cycle resu l t s .  

Table 1 contains data obtained from the transalkylation of I11 #6 coal and i t s  
derivatives, while the data f o r  Ky #9 coal and i t s  derivatives a re  collected i n  
Table 2. 

From Table 1 i t  i s  seen t h a t  0-methylation of I11 #6 coal causes only small 
changes in the numbers o f  excisable groups. 
lower in value. 
Liotta procedure (12 )  produces only minor structural  changes. 

column 4. These r e su l t s  also show reduced amounts of certain monosubstituted alkyl 
groups, while the amounts of 1,l-diarylalkanes a re  larger.  The increased values of 
1.2-ditolylethane can be a consequence of reaction of triglyme, used as  solvent in 
the Birch reduction, which may n o t  have been completely removed by washing and 
drying the coal. The methine cross linking group, represented by tritolylmethane, 
has been lowered in concentration relative to  the parent coal, while the t r i subs t i -  
t u t e d  ethane has been increased. The observation re la t ive  t o  t r i subs t i tu ted  ethane 
will be resolved in future control experiments. 
the Tables i s  tha t  changes in coal structure during Birch reduction resulted i n  the 
production o f  large numbers of substituted indane and t e t r a l in s  during transalkyla- 
tion. 

The coking process effectively 
drives off vo la t i le  matter and causes thermal cleavage of many bonds so t h a t  many 
substituent groups a r e  removed. 
polynuclear aromatics w i t h  few excisable side chains. 
by the experimental data in Table 1. 
substituents a re  found. 
isomers of a compound which has a molecular weight of 214. 
i n  the Tables, has not ye t  been identified. 

and Figure 2 ,  show some large differences. 
of monosubstituted alkyl substi tuents,  while the insoluble part i s  p s r t i a l ly  
depleted in these groups. There i s  a decrease in the amount of 1,l-diarylethane in 
b o t h  fractions. 
alkyls can be explained by reference t o  the mechanistic scheme in Figure 1, and  the 
proposed presence of la rger  numbers o f  hydride abstractors as s e t  f o r t h  i n  the 
section on model systems. 

The most dramatic change i s  seen i n  the differences i n  concentrations o f  
ditolylmethane and tritolylmethane in the soluble and insoluble fractions.  
soluble p a r t  contains the larger amount of ditolylmethane which represents methylene 
(-CH,-) connecting groups between aromatic clusters.  On the other hand, the in- 
:o!uble p a r t  contains the larger amount of tritolylmethane which represents methine 
\ ,CH-) crossiinking groups. These data are i n  agreement with the accepted o p i n i o n  
t h a t  pyridine ex t rac ts  the material w i t h  a lower cross-link density and leaves a 
residue with a higher cross-link density. 

SRC contains smaller molecules 
soluble i n  toluene. 
and. 
starting coal. 

understand resu l t s  with coal and coal products. 

For the present discussion we have se- 

Only ethyl and propyl are significantly 
From these resu l t s ,  we suggest t h a t  0-methylation of coal by the 

Results from the transalkylation of Birch reduced coal a r e  found i n  Table 1, 

Another observation not shown in 

The data on coke presents an interesting case. 

The remaining residue i s  thought t o  be a network of 
This expectation i s  borne o u t  

Only smal'l amounts of ethyl and methylene 
The most abundant transalkylation product i s  a n  assembly of 

This compound, not  shown 

The soluble part shows increased amounts 

The relationship between 1-substituted alkyls and 1,l-disubstituted 

The pyridine ex t rac t  and pyridine insoluble residue from Ky #9 coal,  Table 2 

The 

and more soluble materials. I t  i s  about 90% 
I t  i s  observed to  contain a larger number of alkyl substituents 

expected, a lower number o f  methylene connecting groups  re la t ive  to  the 

We have  performed numerous experiments w i t h  model compounds i n  order t o  better 
The most significant aspects of 
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, 

these experiments are sumnarized as fo l l ows :  
t h a t  n-alkylbenzenes t ransa l  k y l a t e  s low ly  under ou r  experimental cond i t i ons .  
cont rast ,  n -a l ky l  subs t i t uen ts  on polynuclear  aromatics, such as phenanthrene, 
anthracene and pyrene, t r a n s a l k y l a t e  10-100 t imes fas te r .  
subs t i t u ted  aromatics t r a n s a l  k y l a t e  7-5 t imes f a s t e r  when the r e a c t i o n  m i x t u r e  
contains polynuclear  aromatics. The l a t t e r  observat ions a re  probably  a r e s u l t  o f  
the much l a r g e r  b a s i c i t y  o f  t he  polynuclear  aromatics and the hyd r ide  a b s t r a c t i n g  
a b i l i t y  o f  t h e i r  protonated intermediates. 
through a chain mechanism, the  presence o f  more hyd r ide  abs t rac to rs  increases the 
r a t e  by i nc reas ing  t h e  number o f  chain i n i t i a t i o n  steps. With these concepts i n  
mind, i t  i s  reasonable t h a t  the polynuclear  na tu re  o f  coal accounts, a t  l e a s t  i n  
p a r t ,  f o r  t he  r a p i d  product ion o f  numerous to luene d e r i v a t i v e s  under ou r  r e a c t i o n  
condi t ions.  

In  an e a r l i e r  paper (91, we showed 
I n  

We a l s o  found t h a t  a l k y l  

Because t r a n s a l k y l a t i o n  takes p lace 

CONCLUSIONS 

The above d iscuss ion i s  based on p re l im ina ry  data observed from coal de r i va -  

1. 0-methy lat ion does n o t  appear t o  change t h e  s t r u c t u r e  o f  coal g r e a t l y .  
2. The treatment o f  coal under a l k a l i  metal reducing cond i t i ons  appears t o  

lower the number o f  exc isable sho r t  chain a l k y l  subs t i t uen ts  w h i l e  a l so  
changing the  s t r u c t u r e  t o  g i v e  new compounds under t ransa l  k y l a t i o n  
condi t ions.  
Py r id ine  ex t rac t i o r :  produces two f r a c t i o n s  which have w ide ly  d i f f e r e n t  
subs t i t uen t  features.  

t i v e s .  The data show c e r t a i n  trends, such as: 

3. 
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Figure 2 .  
Ky 19 Coal. B) Pyridine Insoluble Fracrion. The Peak Marked X i s  Triphenylrnerhane 
Added a8 Internal Reference. 

CC Traces of Transalkylarion Products from A) Pyridine Soluble Fracrion of 
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NMR ANALYSIS OF HEAVY CRUDE OIL RESIDS 

J u d i t h  C. Ware and Charles M. Schramm 

Union O i l  o f  C a l i f o r n i a  
Science and Technology D i v i s i o n  

376 S. Valencia Avenue 
Brea, CA 92621 

SUMMARY 

We have analyzed pentane- insolub le asphaltenes from a number o f  feeds and hydro- 
t rea ted  products. Processing reduced the asphal tenes l eve l s  by 29-77%. The hydro- 
gen-to-carbon atom r a t i o  and f r a c t i o n  o f  aromatic carbon atoms were near ly  the  same 
f o r  a l l  o f  t h e  feed and product  asphaltenes, w h i l e  o the r  values va r ied  widely .  
These r e s u l t s  are taken t o  mean t h a t  a r o m a t i c i t y  a long w i t h  l a r g e  molecular s i ze  i s  
the fac to r  determin ing whether a molecule i s  an asphaltene and t h a t  some degree o f  
reduct ion o f  t he  asphal tene 's  Crack- 
i n g  of t he  l o n g  a l i p h a t i c  s t r a i g h t  subs t i t uen t  chains does n o t  seem t o  be necessary. 
An essent ia l  f u n c t i o n  o f  an asphaltene convers ion c a t a l y s t  appears t o  be reduc t i on  
of aromatics . 
INTRODUCTION 

Asphal tenes a r e  the  l i g h t  p a r a f f i n i c  hydrocarbon- insolub le b u t  to luene-  o r  benzene- 
so lub le  p o r t i o n s  of crude o i l s .  The are concentrated i n  the heavy ends when crude 
o i l s  are d i s t i l l e d  and are considered t o  be coke precursors i n  processing. The 
heavier  o i l s ,  which c o n s t i t u t e  a growing p ropor t i on  o f  the crudes a v a i l a b l e  fo r  
processing, u s u a l l y  c o n t a i n  s u b s t a n t i a l  q u a n t i t i e s  o f  asphaltenes. 

Asphal tenes a r e  a m i x t u r e  o f  many d i f f e r e n t  types o f  compounds and tend t o  be p o l a r  
because they con ta in  heteroatoms, i n  p a r t i c u l a r  n i t rogen ,  sulfur, oxygen and metals. 
Nickel  and vanadium a r e  t h e  l e a d i n g  m e t a l l i c  elements. These ma te r ia l s  assoc iate so 
t h a t  t h e i r  t r u e  molecular  weights are hard t o  determine. It i s  est imated t h a t  t he  
i s o l a t e d  molecules have an average molecular weight  o f  the o rde r  o f  1000-2000 amu 

When a crude o i l  o r  residuum i s  processed, t h e  asphaltenes must be converted, 
p re fe rab ly  t o  more s o l u b l e  products. I n  order  t o  l e a r n  how asphaltenes are t rans-  
formed i n  the upgrading process and how t h a t  process might be improved, we have 
examined feeds-and products-  t h a t  were run  s e q u e n t i a l l y  over a t y p i c a l  hyd ro t rea t i ng  
ca ta l ys t .  Asphaltenes and maltenes were separated from each and character ized by 
elemental ana lys i s  and by NMR techniques. Resul ts  o f  these s tud ies  suggest a conmon 
fac to r  i n  asphaltene s t r u c t u r e  and an essen t ia l  f u n c t i o n  o f  an upgrading ca ta l ys t .  

EXPERIMENTAL 

A ser ies o f  res idua l  feeds and blends was t r e a t e d  over the same charge of hydro- 
t r e a t i n g  c a t a l y s t  under t y p i c a l  cond i t i ons  i n  order  t o  compare t h e i r  r e a c t i v i t y .  
The pressure was 2200 p s i g  and temperatures ranged from 382-393OC. Proper t ies o f  
the res ids  are summarized i n  Table 1. Numbers 1 and 2 are blends; 3 and 10 a re  
Ca l i f o rn ia  offshore; 6 and 7 are C a l i f o r n i a  OCS; 11 and 12 a r e  from the C a l i f o r n i a  
c e n t r a l  va l l ey ;  4 ,  5 ,  8, 9 and 14 are  from Mexico, I ran ,  Alaska, Long Beach and 
Canada respec t i ve l y .  

Heavy Arabian r e s i d  was processed between each p a i r  o f  res ids  i n  o rde r  t o  b r i n g  the  
c a t a l y s t  to a "standard" c o n d i t i o n  and t o  check t h a t  i t s  performance was cons is ten t  

aromatic system can conver t  i t  t o  a maltene. 

(1). 
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1 
throughout the run. The r e a c t o r  temperature was increased as necessary t o  ma in ta in  
approximately constant  metals conversion o f  t he  Heavy Arabian blend. It was be- 
l i e v e d  t h a t  a l l  the r e s i d s  t e s t e d  would have been subjected t o  e s s w t i a l l y  t he  same 
c a t a l y s t .  

Pentane asphaltenes were separated from each feed and product, us ing  a modi f ied 
Union O i l  procedure. The r e s i d  was d i sso l ved  i n  a smal l  amount o f  dichloromethane 
and then pentane was added a t  a so1vent:sample r a t i o  o f  about 1OO:l t o  p r e c i p i t a t e  
asphaltenes. The volume was reduced by 60% under n i t rogen,  and a d d i t i o n a l  pentane 
was added t o  res to re  the so1vent:sample r a t i o  t o  1OO:l. P r e c i p i t a t i o n  was a t  room 
temperature. The mixtures were M i l l i p o r e  f i l t e r e d  a f t e r  one hour, and t h e  asphal- 
tenes were washed with pentane and then d i sso l ved  through the  f i l t e r  w i t h  toluene. 
A f te r  evaporat ion o f  to luene the  asphaltenes were vacuum d r i e d  i n  a p i s t o l  a t  105°C 
and the maltenes were "dr ied"  i n  a Rotavap a t  ca 0.3 mm a t  60'C f o r  one hour. Both 
f rac t i ons  were analyzed ffr C, H Some I R  spect ra and thermal 
data were obtained, and 

13C-NMR spectra wyse obta ined on spectrometers ope ra t i ng  a t  2.1, 4.7  and 6.3 Tesla, 
corresponding t o  I n  gener f j ,  
on ly  s e n s i t i v i t y  was improved by us ing h ighe r  f i e l d  spectrometers t o  o b t a i n  the C 
NMR spectra. A t ime f a c t o r  improvement o f  almost 10 f o l d  was achieved w i t h  the 6.3 
Tesla spectrometer r e l a t i v e  t o  the  2.1 Tesla spectrometer. However, t h e  data 
obtained on a l l  ins t ruments were q u i t e  comparable. The improved r e s o l u t i o n  a t  
h igher  f i e l d s  d i d  n o t  r e s u l t  i n  b e t t e r  q u a l i t y  data, s ince  r e s o l u t i o n  a t  2.1 Tesla 
was s u f f i c i e n t  f o r  t he  measurements undertaken. A l l  samples were r u n  as CDCl  
so lu t i ons  i n  1 0 - m  o r  12-mm sample tubes. Ninety  degree pulses and 30-secona 
recyc le  delays were used a long w i t h  broadband, gated decoupling du r ing  a c q u i s i t i o n s  
only .  L ine broadening equ iva len t  t o  1 Hz (whole res ids  and maltene f r a c t i o n s )  o r  2 
Hz (asphaltenes) was app l i ed  p r i o r  t o  F o u r i e r  t ransformat ion.  Sweep widths and data 
sizes were set, depending on app l i ed  f i e l d ,  t o  cover a 220 ppm range and t o  g i v e  
approximately a 1-second a c q u i s i t i o n  time. 

DEPT t ype  spect ra and quaternary carbon-only spectra were obtained on the 6.3 and 
the 2.1 Tesla inst ruments as descr ibed by Bendall  and Pegg (2). A heteronuclear  
J-resolved two-dimensional experiment was performed on the 6.3 Tesla inst rument  
us ing the  sof tware prov ided w i t h  the  inst rument .  

S, N ,  Fe, N i  and V.  
C- and 'H-NMR spect ra were obtained fo r  a l l .  

C resonance f requencies o f  22.5, 50.3 and 67.9 MHz. 

I 

I 

Sol i d  s t a t e  13C-CPMAS experiments on the  asphal tenes were performed w i t h  a Chemag- 
n e t i c s  accessory at tached t o  t h e  2.1 Tesla instrument. Experimental parameters used 
t o  ob ta jn  the I p p c t r a  were a 1 ms con tac t  t ime, 1 second recyc le  delay, and matched 
40 kHz H and C R.F. f i e l d  s t rengths.  Samples were spun i n  Kel-F r o t o r s  a t  3-3.5 
kHz. Ten t o  twelve thousand scans were accumulated f o r  each sample. Spectra o f  
nonprotonated carbons were generated by i n s e r t i n g  a 50 usec delay between the  end of 

he cross p o l a r i z a t i o n  p e r i o d  and the  beginning o f  data a c q u i s i t i o n  d u r i n g  which the 
'tl decoupler channel was gated o f f  . T h i r t y  Hz o f  l i n e  broadening was app l i ed  p r i o r  
t o  Four ie r  t ransforming the  data t o  enhance the s ignal - to-noise r a t i o .  

RESULTS AND DISCUSSION 

Figures 1-4 summarize the elemental analyses on the feed and product maltene and 
asphaltene f r a c t i o n s .  From Figure 1 i t  can be seen t h a t  the H/C atom r a t i o s  f o r  
feed and product asphaltenes were a l l  w i t h i n  the range 1.20?0.09, and the value 
could go up o r  down i n  a product .  A t  t he  same time. asphaltenes were reduced by as 
much as 77 w t . % .  The values of t he  r a t i o s  were a l so  near l y  the  same f o r  maltenes: 
1.60+0.08 f o r  feeds and 1.67k0.07 f o r  products. I n  every instance t h e  r a t i o  i n -  
creased i n  going from a g iven feed t o  i t s  product. Some s o r t  o f  increase would be 
expected f o r  a h y d r o t r e a t i n g  process. 

t 
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By contrast ,  n i t r o g e n  and s u l f u r  l e v e l s  v a r i e d  w i d e l y  i n  bo th  f r a c t i o n s  (F igures  2 
and 3). Nitrogen l e v e l s  were lower i n  maltenes b u t  changed r e l a t i v e l y  l i t t l e  dur ing  
processing. I f any conversion d i d  occur, i t  must have l e d  t o  m a t e r i a l s  t h a t  remain- 
ed i n  the  l i q u i d  p o r t i o n s  o f  t he  res ids .  Su l fu r  l e v e l s  were usua l l y  lower i n  
maltenes and decreased s i g n i f i c a n t l y  on treatment.  S u l f u r  a l s o  decreased i n  the  
product asphaltenes. S u l f u r  could have been removed as H2S o r  i nso lub le  su l f i des ,  
n e i t h e r  o f  which would have remained i n  the  l i q u i d  phase. 

Metals content, as represented by (N i tV)  values, was much h igher  i n  asphaltenes than 
i n  maltenes and decreased on treatment. Levels i n  product maltenes were very low, 
suggesting t h a t  s o l u b l e  metals were r e a d i l y  removed. Metals reduc t i on  exceeded 
asphaltene reduc t i on  i n  most cases (F igure  5); e v i d e n t l y  metals a re  removed more 
e a s i l y  than asphal tenes a r e  converted. 

For a l l  of t he  f r a c t i o n s  13C-NMR spectra were measured; f o r  each, t he  f r a c t i o n  o f  
aromatic carbon atoms, f , and the  average chain l eng th  parameter, c / E  (3), were 
c a l  la ted .  For s e v e r a l a o f  t he  asphaltene f rac t i ons ,  t he  a r o m a t i c i t J  was measured 
by "C CFMAS (cross p o l a r i z a t i o n  - magic angle sp inn ing)  NMR d i r e c t l y  on t h e  s o l i d  
sample. Measured a r o m a t i c i t i e s  were found t o  be i d e n t i c a l  whether measured on 
so lu t i on  o r  s o l i d  samples. This suggests t h a t  we a re  examining t h e  whole sample i n  
so lu t i on ,  and that  s o l u b i l i t y  o f  t h e  asphaltenes i s  n o t  a problem when ch lo ro fo rm i s  
used as a solvent.  The data a re  presented g r a p h i c a l l y  i n  Figures 6 and 7. The 
c a l c u l a t i o n  o f  c was m o d i f i e d  by s u b s t i t u t i n g  f o r  c the  average of t he  he igh ts  
of the  c -c p d k s  t h a t  a re  c h a r a c t e r i s t i c  of l ong  i t r a i g h t  cha in  hydrocarbons 
(chemical 'shqfts J4.2, 20.4, 32.2 and 29.7 ppm respec t i ve l y ) .  F igure  6 shows t h a t  
t he  values o f  c /c v a r i e d  widely,  corresponding t o  an average s t r a i g h t  chain length  
range from 10 t\ 2% carbon atoms. 
increases i n  product asphaltenes. Ties4 
r e s u l t s  i n d i c a t e  t h a t  asphaltenes do conta in  long carbon chains, con t ra ry  t o  some 
e a r l i e r  statements (4). The cha in  l eng th  assignment was c a l i b r a t e d  w i t h  pentadecyl-  
phenol, and the  r e s u l t s  agreed w i t h  those o f  Netzel  e t  a1 (3). When one LAR asphal- 
tene sample was Soxhlet  e x t r a c t e d  w i t h  pentane f o r  e i g h t  hours, t he  c / E  va lue  d i d  
no t  change appreciably.  Thus, the  l ong  chains were no t  due t o  occ lueed lpara f f ins ;  
they  are an i n t e g r a l  p a r t  o f  t h e  asphaltenes. 

For several o f  r e s i d  f rac t i ons ,  we have a l so  c a l c u l a t e d  some a d d i t i o n a l  para- 
meters from the  *C-NMR spectra . The f r a c t i o n  o f  p a r a f f i n i c  carbon was ca l cu la ted  
as the  f r a c t i o n  o f  a l k y l  carbon contained i n  reso lved resonances (by i n t e g r a t i o n )  as 
descr ibed by Galya and Young (5). I n  add i t ion ,  t h e  f r a c t i o n  of s t r a i g h t  chain 
p a r a f f i n i c  carbon was c a l c u l a t e d  from the  r a t i o  o f  the  sum o f  the  i n t e g r a l s  o f  the 
14.2, 20.4, 32.2, 29.7, and 29.9 ppm resonances t o  the  t o t a l  p a r a f f i n i c  carbon 
i n t e g r a l .  F igure  7 shows t h e  change i n  s t r a i g h t  cha in  p a r a f f i n i c  contents a f t e r  
processing f o r  the maltene and asphaltene f r a c t i o n s  o f  s i x  res ids .  Only the  asphal- 
tene para f f in  content changes apprec iab ly  a f t e r  processing, inc reas ing  f o r  the 
r e s i d s  examined. Th is  suggests t h a t  h y d r o t r e a t i n g  reduces the  naphthene carbon 
content r e l a t i v e  t o  t h e  p a r a f f i n  content i n  the  asphaltene f r a c t i o n .  F u r t h e r  work 
i n  t h i s  area i s  underway. 

We have a l so  used a v a r i e t y  o f  techniques t o  c a l c u l a t e  t h e  f r a c t i o n  o f  nonprotonated 
pjomat ic carbon f o r  t h e  maltenes ant! asphaltenes f rac t i ons .  For the  asphaltenes, 

C CPMAS, DEFT, and he teronuc lear  J-resolved 2D NMR methods were evaluated. O f  
these methods, the l a t t e r  two were found t o  be too  t ime consuming. By o b t a i n i n g  the 
normal spectrum p lus  t h e  i n te r rup ted  decoupl i n g  spectrum, nonprotonated aromat ic 
carbon was determined i n  j u s t  two hours, versus 12-48 hours f o r  the  DEPT and 2D 
methods. For the  maltenes the  DEPT technique a l lows de terminat ion  of nonprotonated 
carbon i n  t y p i c a l l y  2-3 hours versus overn igh t  f o r  2D methods. Thus, DEPT i s  
preferred when a d d i t i o n a l  in fo rmat ion  a v a i l a b l e  f rom the  20 NMR (such as coup l ing  
Constants) i s  no t  deemed necessary. To date, we have no t  found any co r re la t i ons  

The on ly  obvious t r e n d  i n  the  data i s  t h a t  c / E  
It appears no t  t o  change much i n  maltenes. 

'. 
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\ between nonprotonated carbon content and hydrot reat ing.  

Figure 8 shows the values o f  f f o r  a l l  o f  t he  maltene and asphaltene f rac t i ons .  
The values f o r  feed and productaasphaltenes very remarkably l i t t l e ;  a l l  are i n  the 
range 0.4720.06. A t  t he  same t ime, the  asphaltene l e v e l s  were reduced up t o  77% by 
t h e  processing (F igure 5 ) .  Maltene values a l s o  f a l l  w i t h i n  a narrow range: 0 . 2 2  
0.05. I n  every case the value o f  fa f o r  maltenes e i t h e r  decreased o r  remained the 
same w i t h  hydrot reat ing.  

/ 
I 

I 

Thus, on l y  a romat i c i t y  and the H/C atom r a t i o ,  which i s  a rough i n d i c a t o r  o f  aroma- 
t i c i t y ,  maintained the same l e v e l s  i n  feed and product asphaltenes. Su l fu r ,  n i t r o -  
gen and (Ni tV)  l e v e l s  v a r i e d  g r e a t l y  i n  the same asphaltenes. Such a wide v a r i e t y  
o f  res ids  has been examined t h a t  these r e s u l t s  cannot be co inc iden ta l .  The data 
suggest t h a t  a r o m a t i c i t y  a long w i t h  h igh  molecular  weight i s  t h e  pr imary c r i t e r i o n  
f o r  asphaltene c l a s s i f i c a t i o n .  

Once the asphaltene aromatics are hydrogenated t o  some degree, they e v i d e n t l y  cease 
t o  be asphaltenes and pass i n t o  the maltene f r a c t i o n .  Metals o r  s u l f u r  removal do 
n o t  necessar i ly  have the same e f f e c t .  I t  appears tha t  hydrogenation o f  t he  aromatic 
r i n g  system i s  the  one reac t i on  necessary f o r  asphaltene conversion t o  more so lub le  
mater ia ls ,  The chain l eng th  data, which are harder  t o  reproduce and therefore l ess  
r e l i a b l e ,  show t h a t  i n  some instances the  asphaltenes w i t h  s h o r t e r  sidechains were 
more r e a d i l y  converted, b u t  i t  does n o t  appear t h a t  c rack ing  o f  sidechains i s  
genera l l y  requ i red  f o r  asphaltenes reduct ion.  

Aromatics reduc t i on  would cause a p lana r  aromatic system t o  become nonplanar. If 
the stack ing proposal o f  Yen ( 6 )  f o r  asphaltene p lanar  aromatic systems i s  c o r r e c t ,  
then the hydroaromatics thus formed might  no l onger  f i t  i n t o  such an assembly, and 
the  hydrogenated molecules might  t he re fo re  no l onger  be asphaltenes. 

These conclusions are a t  considerable variance w i t h  those o f  Plumail  e t  a1 f o r  the 
conversion o f  Boscan crude asphaltenes (7) .  Boscan r e s i d  was t r e a t e d  under the same 
condi t ions t h a t  we have repo r ted  here, and i n  ou r  hands the r e s u l t s  were i n  l i n e  
w i t h  the present  ones. Namely, asphaltene a r o m a t i c i t y  and H/C r a t i o  change l i t t l e  
on processing, and s u l f u r  and metals l e v e l s  ( i n c l u d i n g  n i c k e l )  drop. Ni t rogen 
values are v i r t u a l l y  unchanged, wh i l e  average s t r a i g h t  a l k y l  chain l eng th  decreases 
somewhat i n  product asphaltenes b u t  remains the  same f o r  product  maltenes. We 
be l i eve  t h a t  hydrogenation of aromatic s t ruc tu res  i s  the p r i n c i p a l  r e q u i s i t e  fo r  
conversion o f  Boscan as w e l l  as o the r  petroleum asphaltenes. 
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Iden t . 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Resid 

HVY ARAB. 
L AR 
SA. MARIA 
MAYA 
GACH SARAN 
HONDO 
FRODO 
N. SLOPE 
LA BASIN 
GILOA 
BREMER 
MIDWAY 
ORCUTT 
LLOYDMSTR 

Table. 

Minimum 
B.Pt., C 

343 
343 
204 
343 
343 
204 
232 
343 
204 
232 
232 
260 
232 
232 

Proper t ies o f  Feed Resids 

AP I 
Gravi ty  %Asph %N 

12.6 15.5 0.26 
11.0 13.7 0.67 
14.6 23.0 0.61 
9.4 23.4 0.52 
15.6 8.7 0.41 
13.4 19.8 0.70 
9.3 30.0 0.80 
15.3 5.1 0.31 
9.5 12.2 0.92 
14.6 13.9 0.73 
10.9 8.8 1.20 
11.6 8.1 0.83 
14.7 11.7 0.66 
13.5 13.2 0.16 

PP" 

4.23 115 
2.77 222 

%S (Ni+V) 

3.82 319 
4.42 496 
2.60 144 
5.10 321 
5.95 658 
1.60 57 
1.94 151 
3.60 318 
1.46 160 
1.41 150 .. ~ 

2184 192 
3.24 150 
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F i g .  1. V a r i a t i o n  o f  H/C a t o m  R a t i o  
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Fig. 3. Suifur Content o f  Resid Fractions 
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Fig. 5. Flsphaltene Metals Reduction 
v s  aspha I tenes Conversion 
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F i g .  7. P e r c e n t a g e  o f  S a t u r a t e d  C a r b o n s  
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ADDUCTION I N  OONOR SOLVENT CONVERSION OF EASTERN SHALE 
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INTRODUCTION 

Rich depos i ts  o f  Devonian o i l  shale a re  found eas t  of t h e  
M iss i ss ipp i .  The carbon i n  o i l  shales f rom Kentucky have been shown t o  have a 
h igher  aromatic carbon conten t  (-54% aromat ic carbon) than o i l  sha les  from t h e  
Green R iver  fo rmat ion  (-22% aromat ic ca rbon) . ( l )  This, a long wi th t h e  low H/C 
atomic r a t i o  o f  1.0-1.2 i n  eas tern  shales, suggests t h a t  these sha les  have a 
s t r u c t u r e  s i m i l a r  t o  t h a t  o f  coa l .  Dur ing coa l  l i q u e f a c t i o n ,  as w i t h  eas tern  
o i l  shale conversion, one o b j e c t i v e  i s  t o  decrease t h e  ex ten t  o f  recombinat ion 
o f  t he rma l l y  produced f r e e  r a d i c a l s  through t h e  use o f  a donor so lvent .  The 
donor sol  vent donates hydrogen t o  t h e  subs t ra te  and, there fore ,  becomes more 
aromat ic.  I n  a d d i t i o n  t o  donat ing  hydrogen, t h e  so lvent  can isomer ize  and/or 
be adducted. The o b j e c t i v e  o f  t h i s  work i s  t o  i d e n t i f y  t he  types of adduct ion 
o f  donor so lvents  t e t r a i i n ,  octahydrophenanthrene, and mes i ty lene i n  eas tern  
o i l  shale runs. 

EXPERIMENTAL 

The shale sample was prov ided by IMMR (Lexington, KY). It was taken 
from t h e  H i l p a t  s i t e  (Fleming Co., KY) and i t  i s  c l a s s i f i e d  as a Cleveland 
member, Ohio shale. It has a F ischer  assay o f  10.1 g / ton  and a carbon content 
o f  12.2 w t %  (MF). The un labe led  so l ven ts  were ob ta ined from F ishe r  S c i e n t i f i c  
and were used as received. The labe led  so lvents  (see F igure  1) were prepared 
by E. J. Eisenbraun o f  Oklahoma S ta te  Un ive rs i t y .  

Batch conversion experiments were made us ing  equal charges of shale 
and so lvent  t o  a small m ic roreac tor  which was lowered i n t o  a preheated sand- 
ba tch  t o  b r i n g  i t s  con ten ts  q u i c k l y  t o  r e a c t i o n  temperature. The experiments 
were made a t  a temperature o f  45OOC and r e a c t i o n  t imes between 0 (a l l ow ing  
2.5 min. f o r  hea t ing )  and 30 min. M ix ing  was prov ided by up-and-down 
a g i t a t i o n  a t  about 800 strokes/min.  Fu r the r  d e t a i l s  a re  given i n  Reference 2. 

The t o t a l  r e a c t i o n  product was t rans fe r red  t o  a small t e s t  tube and 
t h e  so lvent  was s t r i p p e d  w i t h  a n i t r o g e n  f l o w  t o  ensure a minimum of cosolvent 
e f f e c t s  du r ing  e x t r a c t i o n .  The produc t  was then s e q u e n t i a l l y  Soxhlet 
ex t rac ted  t o  g i ve  pentane and to luene  so lub les .  Percent so lub les  i s  def ined 
as 100% minus Soxhlet  residue. Selected samples o f  t he  to luene inso lub les  
were a l so  ex t rac ted  w i th  te t rahyd ro fu ran  (THF). The THF Soxhlet  e x t r a c t  was 
s t r i p p e d  w i t h  a n i t rogen  f l o w  a t  8OoC overn igh t  t o  remove so lvent  and recover 
a sample o f  preasphal tenes f o r  ana lys is .  
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1 3 C  NMR spec t ra  were obtained a t  50.3 MHz on a Var ian associates 
XL-200 spectrometer. Samples were made up i n  CDC13 w i t h  Cr (acac)3  added a t  a 
l e v e l  o f  0.05 M. Spectra were obtained w i t h  90° pulses, 0.4 second acqui-  
s i t i o n  time, 2 second de lay  between pulses and gated decoupl ing.  Spectra were 
referenced i n t e r n a l l y  t o  TMS. I n  some cases, on l y  10-20 mg o f  each f r a c t i o n  
were a v a i l a b l e  so spec t ra  were accumulated f o r  50-61 hours. I n  some cases, 
t h e  spec t ra l  q u a l i t y  even then was poor, so o n l y  major types of adduct ion are  
d iscernab le .  A re fe rence  spectrum o f  t h e  run  made w i t h  unlabeled donor 
so l ven t  was obtained f o r  each labe led  donor so l ven t  run. 

DISCUSSION 

Tet r a l  i n  Adduct ion 

T e t r a l i n  can be adducted as t e t r a l i n ,  naphthalene, o r  isomerized 
t e t r a l i n ,  e.g., methyl indane o r  butylbenzene. The poss ib le  f a t e s  o f  t e t r a l i n  
a r e  given i n  F igure  2. 

Pentane Sol ub les  

The spec t ra  f rom t h i s  f r a c t i o n  are  shown i n  F igure  3. 

Adduction o f  t e t r a l i n  can occur i n  e i t h e r  t h e  aromat ic or a l i p h a t i c  
p o r t i o n  o f  t h e  molecule.  Adduction through t h e  aromat ic p o r t i o n  i s  d i f f i c u l t  
t o  i d e n t i f y  because i t  does no t  p e r t u r b  t h e  chemical s h i f t  o f  t h e  labe led  
carbon. Attachment a t  t h e  a l i p h a t i c  p o r t i o n  can occur i n  any o f  t h e  fou r  
pos i t i ons ,  bu t  two o f  them a re  equ iva len t .  Attachment a t  t h e  labe led  
p o s i t i o n ,  which i s  a t o  t h e  aromat ic r i ng ,  w i l l  move t h e  chemical s h i f t  from 
i t s  normal p o s i t i o n  o f  29.9 ppm t o  37.2 ppm o r  42-46 ppm, depending on whether 
t h e  attachment i s  by an a l i p h a t i c  o r  aromat ic s t r u c t u r e .  There a re  two 
s i g n a l s  a t  45.4 ppm and 45.9 ppm, i n d i c a t i n g  attachment a t  t he  labe led  carbon 
by an aromatic s t r u c t u r e .  I n  add i t i on ,  t h e r e  i s  a small amount o f  s igna l  
i n t e n s i t y  a t  41-42 ppm, a l s o  i n d i c a t i n g  attachment o f  t h e  t e t r a l i n  a t  t h e  
l a b e l e d  p o s i t i o n  by an aromat ic s t ruc tu re .  The s igna l  a t  37.8 ppm can be due 
t o  attachment a t  t h e  l abe led  p o s i t i o n  o f  t e t r a l i n  by an a l k y l  group o r  
attachment a t  t h e  t e t r a l i n  p o s i t i o n  p t o  t h e  aromat ic r i n g  by an aromatic 
subs t i t uen t .  Because t h e  a t o  aromat ic p o s i t i o n  i s  t h e  most ac t i ve ,  i t  i s  
assumed t h a t  t h i s  s i g n a l  i s  due t o  attachment a t  t h a t  p o s i t i o n  by an a l k y l  
subs t i t uen t .  The l a r g e  s igna l  a t  29.9 ppm i s  due bo th  t o  l ong  chain ma te r ia l  
from shale and t o  t e t r a l i n  adducted through a p o s i t i o n  which does not pe r tu rb  
t h e  chemical s h i f t  o f  t he  l abe led  carbon, i.e., through t h e  aromat ic r i ng .  
Th is  represents t h e  l a r g e s t  amount of  adducted t e t r a l i n .  

The amount o f  each type o f  adducted t e t r a l i n  i s  given i n  Table 1. 
They were est imated based on a comparison o f  s igna ls  i n  t h e  spec t ra  o f  t h e  
1 abel ed and un labe led  runs. 

Buty i  Benzene Adduct ion 

T e t r a l i n  can open t o  form n-bu ty l  benzene w i t h  t h e  l a b e l  e i t h e r  i n  
t h e  p o s i t i o n  a t o  t h e  aromat ic r i n g  o r  a t  t h e  te rm ina l  methyl .  The s igna ls  
due t o  t h e  l a b e l  would then be a t  36 ppm o r  14 ppm, respec t i ve l y ,  unless 
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adduct ion occurred through t h e  a l k y l  chain.  There i s  a s igna l  a t  36 ppm t h a t  
i s  no t  present i n  t h e  spectrum from t h e  un labe led  run. This s igna l  i s  due t o  
b u t y l  benzene w i t h  t h e  l a b e l  i n  t h e  a p o s i t i o n .  The r e l a t i v e  i n t e n s i t i e s  of 
t h e  s igna l  a t  22.4 and 14 ppm i n  bo th  t h e  l abe led  and un labe led  runs a re  t h e  
same. This i nd i ca tes  t h a t  t he re  i s  l i t t l e  c o n t r i b u t i o n  t o  t h e  s igna l  a t  
14 ppm from n-buty l  benzene. However, t h e r e  i s  a s igna l  a t  36 pprn which i n d i -  
ca tes  t h a t  n -bu ty l  benzene i s  present and t h e  l a b e l  i s  i n  t h e  a p o s i t i o n .  The 
amount o f  t e t r a l i n  present as n-butyl  benzene i s  given i n  Table 1. 

T e t r a l i n  can a l so  open t o  form 1-phenyl I -methyl  propane. I n  t h i s  
case, t he  l abe l  would be present i n  t h e  methyl group and would have i t s  s igna l  
a t  22.5-23 ppm. There i s  a s igna l  p resent  i n  bo th  t h e  l abe led  and un labe led  
spec t ra  a t  t h i s  p o s i t i o n .  However, i t  i s  present i n  t h e  same amount r e l a t i v e  
t o  t h e  s igna l  a t  22.4 i n  both spectra,  i n d i c a t i n g  t h a t  i t  i s  due t o  t h e  
unlabeled p carbon o f  t e t r a l i n  r a t h e r  than t h e  propane d e r i v a t i v e .  

Methyl IndanelMethyl Propyl Benzene Adduction 

T e t r a l i n  can rearrange t o  form methyl indane o r  open t o  form o r t h o  
methyl p ropy l  benzene. I n  e i t h e r  case, t he  l a b e l  would be present  on t h e  
methyl group and would have i t s  s igna l  a t  20 ppm. One o r  bo th  of  these 
isomers i s  present as i nd i ca ted  by t h e  s igna l  a t  20 ppm i n  t h e  l abe led  run. 
Adduction o f  these isomers has probably occurred through t h e  aromat ic r i ng .  
The amount o f  these isomers i s  given i n  Table 1. 

Naphthalene Adduction 

T e t r a l i n  converted t o  naphthalene can be adducted a t  e i t h e r  o f  two 
equ iva len t  pos i t i ons .  The labe led  carbon has i t s  s igna l  a t  127.9 ppm. The 
aromat ic reg ion  o f  t h e  spectrum has a l a r g e  amount o f  s igna l  i n t e n s i t y  i n  t h i s  
reg ion ,  i n d i c a t i n g  t h a t  naphthalene has been adducted through t h e  unlabeled 
r i n g .  I n  add i t i on ,  t h e r e  are s igna ls  a t  126 and 125.5 ppm, i n d i c a t i n g  
adduct ion o r tho  t o  the  l a b e l  by e i t h e r  aromat ic o r  sho r t  a l k y l  cha in  subs t i -  
t uen ts .  There i s  a s igna l  a t  131.2 ppm t h a t  on l y  can be due t o  adduct ion para 
t o  t h e  l abe l  and t h e  l abe led  carbon must a l so  con ta in  a methyl group. The 
s igna l  a t  134.2 i s  i n d i c a t i v e  o f  naphthalene w i t h  an at tached methyl group. 
I n  t h i s  case, adduct ion must be through t h e  unlabeled r i n g .  There a re  two 
s igna ls  a t  137 and 138.4 ppm t h a t  a re  due t o  naphthalene adducted th rough the  
p o s i t i o n  para t o  t h e  l a b e l  and the  l abe led  carbon must con ta in  a sho r t  (C2-3) 
a l k y l  group. There are  a l so  s igna ls  p resent  a t  140.1 and 140.4 ppm t h a t  a r e .  
due t o  naphthalene adduct ion by an aromat ic group. 

Asphaltene F rac t i on  

The a romat i c i t y  o f  t he  asphal tene f r a c t i o n  ob ta ined from the  
unlabeled t e t r a l i n  run o f  5 min. was 70.7%. There are  sharp s igna ls  i n  the  
spectrum a t  t h e  c l a s s i c  pos i t i ons  f o r  l ong  a l k y l  cha in  ma te r ia l .  The aromatic 
reg ion  i s  broad and fea ture less .  The asphal tene f r a c t i o n  ob ta ined from 
t h e  1% labe led  t e t r a l i n  run  o f  5 min. has an a r o m a t i c i t y  o f  81.5%. The 
a l i p h a t i c  reg ion  has t h e  same c l a s s i c  s igna ls  f o r  l ong  cha in  m a t e r i a l  t h a t  
were present i n  the  unlabeled run. 
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There a r e  two small s i gna ls  a t  32.5-33 ppm and a t  36 ppm i n  t h e  
l a b e l e d  asphal tene spectrum. These are  due t o  small amounts o f  attachment o f  
t h e  hydroaromatic r i n g  t o  the  asphaltenes. The hydroaromatic r i n g  i s  not 
a t tached a t  t he  l a b e l e d  p o s i t i o n .  Otherwise, a s igna l  would be present a t  
e i t h e r  37.2 ppm o r  48 ppm f o r  an a l k y l  o r  a r y l  aromatic attachment, 
respec t i ve l y .  The t e t r a l i n  i s  probably at tached a t  t h e  p o s i t i o n  alpha t o  t h e  
l a b e l .  Attachment a t  t h i s  p o s i t i o n  would move t h e  chemical s h i f t  o f  t h e  
l abe led  carbon t o  33.9 f o r  attachment through an a l k y l  subs t i t uen t  o r  36.9 ppm 
f o r  attachment th rough an aromatic subs t i t uen t .  Both the  p o s i t i o n s  a and p t o  
t h e  labe led  carbon should be s u b s t i t u t e d  t o  t h e  same ex ten t .  However, some 
types  o f  s u b s t i t u t i o n  a t  t h e  p p o s i t i o n  would s h i f t  t he  s igna l  under s igna ls  
p resent  f rom long  a l k y l  chain ma te r ia l  and hence would not be seen. 

I n  a d d i t i o n  t o  the  a l i p h a t i c  s igna ls ,  t he re  a re  several  sharp 
s i g n a l s  p resent  i n  t h e  aromat ic reg ion  a t  126.0, 127.7, and 128.3 ppm. These 
i n d i c a t e  t h a t  some o f  t h e  t e t r a l i n  has been converted t o  naphthalene. The 
unperturbed chemical s h i f t  o f  t he  l abe led  carbon would be a t  127.9 ppm. 
Attachment a t  t h e  l a b e l e d  carbon would move t h e  chemical s h i f t  i n t o  the  range 
o f  134-148 ppm. Since t h e r e  a re  no sharp s igna ls  i n  t h i s  region, t he  
naphthalene must no t  be adducted a t  t h i s  p o s i t i o n .  Attachment o r t h o  t o  the  
l a b e l  would move t h e  chemical s h i f t  o f  t he  l abe led  carbon u p f i e l d  i n t o  the  
reg ion  o f  124.8-128.8 ppm. The s igna l  a t  126.0 ppm can be due t o  a l k y l  
attachment a t  t h i s  p o s i t i o n .  Attachment a t  t h e  p o s i t i o n  meta t o  the  l abe l  
moves the s igna l  on l y  s l i g h t l y  f o r  a l k y l  attachments bu t  down t o  128.3 ppm f o r  
an a r y l  subs t i t uen t .  There i s  a s igna l  a t  128.3 ppm which may be due t o  
aromatic attachment of naphthalene t o  asphal tenes a t  t he  3-posi t ion.  
Attachment para t o  t h e  l a b e l  would move the  l abe led  carbon s igna l  u p f i e l d  i n t o  
t h e  reg ion  o f  125.0-125.5 ppm or  126.9 f o r  an a l k y l  o r  a r y l  attachment, 
respec t i ve l y .  Since no attachment was seen a t  t h e  l abe led  p o s i t i o n ,  it i s  
u n l i k e l y  t h a t  t h e r e  w i l l  be any attachment a t  t h e  p o s i t i o n  para t o  it. 

Attachment i n  t h e  r i n g  w i thou t  t he  l abe led  carbon w i l l  no t  s i g n i f i -  
c a n t l y  p e r t u r b  t h e  chemical s h i f t  o f  t he  l abe led  carbon. The s igna l  a t  
127.7 ppm i s  due t o  unperturbed labe l  i n d i c a t i n g  attachment t o  t h e  unlabeled 
r i n g .  

Adduction o f  Mes i ty lene 

Asphaltene F r a c t i o n  

The l3C NMR spectrum o f  asphal tenes recovered from t h e  run w i th  
unlabeled mes i ty lene shows an a romat i c i t y  o f  88.5%. The sharpest s igna l  i n  
t h e  spectrum i s  a t  29.0 ppm. The spectrum o f  t he  asphal tene f r a c t i o n  obtained 
from the  run  w i t h  1% l abe led  mesi ty lene has an a r o m a t i c i t y  of 75.9%. The 
decrease i n  a r o m a t i c i t y  i s  due t o  an inc rease i n  a l i p h a t i c  s t r u c t u r e  which 
comes from t h e  I3C l a b e l  on one o f  t he  methyls of mesi ty lene. 

The a l i p h a t i c  reg ion  o f  t h e  spectrum has two sharp s igna ls  a t  
29.4 ppm and 21.1 ppm. The s igna l  a t  21.1 ppm i s  due t o  t h e  l abe led  methyl 
group on mes i ty lene.  Adduction o f  mes i ty lene has no t  taken p lace  through t h i s  
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methyl group s ince  i t s  o r i g i n a l  chemical s h i f t  o f  21.0 ppm i s  no t  s i g n i f i -  
c a n t l y  perturbed. Had adduct ion occurred through t h i s  methyl group, t h e  
chemical s h i f t  would move t o  42 ppm i f  t h e  a t tached group were aromat ic,  
29-36 ppm i f  the  at tached group were an a l k y l  chain, and 43-48 pprn if more 
than one a l k y l  group were at tached. Adduction o f  t h e  mes i ty lene on t h e  
aromat ic carbon o r tho  be t h e  l abe led  methyl group by an a l k y l  group would move 
t h e  chemical s h i f t  o f  t h e  l abe led  methyl group u p f i e l d  by 2-3 ppm. Adduction 
a t  t h e  aromatic carbon para t o  t h e  labe led  methyl group would have l i t t l e  
e f fec t  on t h e  chemical s h i f t  o f  t h e  l abe led  methyl group. S i m i l a r l y ,  
adduct ion through one o f  t he  meta methyl groups would have l i t t l e  e f f e c t  on 
t h e  chemical s h i f t  o f  t h e  l abe led  methyl group. It, there fore ,  appears t h a t  
t he  mes i ty lene has been adducted through e i t h e r  t h e  unlabeled methyl groups or  
t h e  aromatic carbon para t o  t h e  l abe led  methyl group. 

Preasphaltene F r a c t i o n  

The 13C NMR spectrum o f  t h i s  f r a c t i o n  obtained from t h e  run  w i t h  
unlabeled mesi ty lene shows an a r o m a t i c i t y  o f  84.7%. The most de f i ned  s igna l  
i n  t h e  spectrum i s  a t  29.6 ppm. The spectrum of t h e  preasphal tene from t h e  
run w i t h  1% l abe led  mes i ty lene has an a r o m a t i c i t y  of  81.0%. This  decrease 
again i s  due t o  i nco rpo ra t i on  o f  t he  l abe led  methyl group from mes i ty lene.  
The most predominant s igna ls  i n  t h e  spectrum a re  a t  29.7 ppm and 21.5 ppm, t h e  
l a t t e r  due t o  t h e  l abe led  methyl group of  mesi ty lene. It again appears t h a t  
t h e  mesi ty lene i s  no t  adducted through t h e  l abe led  methyl group no r  through 
t h e  aromat ic carbon o r tho  t o  t h e  methyl group. 

Adduction o f  Octahydrophenanthrene 

Preasphal tene Run 

The a r o m a t i c i t y  o f  t h e  preasphal tenes obtained from t h e  run  made 
w i thou t  t h e  l abe led  octahydrophenanthrene was 75.3%. The on ly  sharp s igna l  i n  
t h e  spectrum was a t  29.6 pm. The a r o m a t i c i t y  of t h e  preasphal tenes ob ta ined 
from t h e  run made w i t h  l f C  l abe led  octahydrophenanthrene was 77%. There a re  
two sharp s igna ls  i n  t h e  spectrum o f  t h e  f rac t i on .  The s igna l  a t  128.4 ppm i s  
t h e  unperturbed chemical s h i f t  o f  carbon 1 i n  phenanthrene. This i n d i c a t e s  
t h a t  a t  l e a s t  some of t h e  adducted octahydrophenanthrene has been dehydro- 
genated t o  phenanthrene. The p o i n t  o f  attachment o f  t h e  phenanthrene t o  t h e  
preasphaltenes i s  no t  on t h e  l abe led  carbon. Such attachment would move t h e  
chemical s h i f t  i n t o  the  reg ion  o f  137.6-150.7 ppm, depending on t h e  na ture  o f  
a t tached groups. It a l s o  i s  no t  at tached a t  t h e  carbon para t o  t h e  l a b e l  
which moves t h e  s igna l  t o  119.5-120 ppm fo r  an a l k y l  attachment and 127.3 ppm 
f o r  an aromatic attachment. Attachment of t h e  phenanthrene a t  t h e  r i n g  
p o s i t i o n  o r tho  t o  t h e  l a b e l  by some groups, some types o f  a l k y l  attachments, 
attachment a t  t h e  p o s i t i o n  meta t o  t h e  l a b e l ,  and attachment a t  one o f  t h e  
unlabeled r i ngs  w i l l  not  be seen i n  t h e  chemical s h i f t  p o s i t i o n  o f  t h e  l abe led  
carbon. Since t h e  sharp s igna l  i s  i n  a v i r t u a l l y  unperturbed p o s i t i o n ,  t h e  
phenanthrene must be adducted a t  one o f  t h e  un labe led  r i ngs  or  a t  t h e  p o s i t i o n  
o r tho  or  meta t o  t h e  l abe led  carbon. 

Some phenanthrene i s  a l s o  a t tached as octahydrophenanthrene. There 
are  sharp s igna ls  a t  29.6 ppm i n  bo th  t h e  un labe led  and l a b e l e d  runs. 
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However, i n  t h e  l a b e l e d  run, t h e  r a t i o  of aromat ic carbon area, cor rec ted  f o r  
t he  sharp s igna l  a t  128.4 ppm t o  t h e  area o f  t h e  s igna l  a t  29.6 ppm i s  l ess  by 
a f a c t o r  o f  7 than t h e  same r a t i o  i n  t h e  unlabeled run. This i n d i c a t e s  t h a t  
t h e r e  i s  s u b s t a n t i a l l y  more area i n  t h i s  reg ion  i n  t h e  l abe led  run. The 
chemical. s h i f t  o f  t h e  l abe led  carbon i n  octahydrophenanthrene i s  30.3 ppm, 
which could over lap  w i t h  t h e  s igna l  a t  29.6 ppm under cond i t i ons  where 
Cr(aCaC)3 i s  added t o  the  spectrum. I n  fac t ,  t h e r e  appears t o  be a downf ie ld 
shoulder on t h e  peak a t  29.6 ppm i n  t h e  l abe led  run. This i n d i c a t e s  t h a t  
t h e r e  i s  some l a b e l e d  octahydrophenanthrene adducted. The f a c t  t h a t  t h e  
chemical s h i f t  of t h e  l abe led  carbon i s  not moved s u b s t a n t i a l l y  from i t s  
unadducted p o s i t i o n  i n d i c a t e s  t h a t  i t  i s  adducted a t  e i t h e r  o f  t h e  two 
aromatic r i n g s  or a t  t h e  y a l i p h a t i c  carbon i n  t h e  sa tura ted  r i n g .  By analogy 
w i th  t e t r a l i n ,  i f  it were a t tached a t  t h e  l abe led  carbon, t h e  chemical s h i f t  
would be a t  38.4 ppm. I f  i t  were a t tached a t  t h e  a l i p h a t i c  carbon a o r  p t o  
t h e  labe led  carbon, t h e  chemical s h i f t  of  t h e  l abe led  carbon would be 34.3 pprn 
or  26.8 ppm, respec t i ve l y .  Attachment i n  t h e  y p o s i t i o n  would no t  p e r t u r b  t h e  
chemical s h i f t  o f  t h e  l abe led  carbon. Since t h e  chemical s h i f t  i s  v i r t u a l l y  
unperturbed, t h e  p o i n t  o f  attachment must be a t  t h e  y a l i p h a t i c  carbon or  on 
t h e  two aromat ic r i n g s .  

CONCLUSIONS 

Adduction of  donor so lvents  occurs du r ing  eas tern  sha le  con- 
version. T e t r a l i n  i s  adducted as t e t r a l i n ,  naphthalene, and isomerized 
t e t r a l i n .  Mes i ty lene i s  adducted th rough t h e  aromat ic r i n g  o r  unlabeled 
methyl groups r a t h e r  than t h e  l abe led  methyl group. Octahydrophenanthrene i s  
adducted bo th  as octahydrophenanthrene and phenanthrene. 
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Table 1 

13C NMR Ana lys is  of Naphtha1 ene/Tet ra l  i n  
Adduction i n  Pentane Solubles 

Shale Derived Mater i  a1 

Adducted T e t r a l i n  
a t  a p o s i t i o n  by aromatics 
a t  a p o s i t i o n  by a l k y l s  
not i n  a l i p h a t i c  r i n g  

Adducted n-Butyl  Benzene 

Adducted Methyl IndanelMethyl Propyl Benzene 

Adducted Naphthalene 
a t  a p o s i t i o n  by aromatics 
a t  para p o s i t i o n  w i t h  a l k y l  and methyl 
a t  a p o s i t i o n  by methyl 
a t  m p o s i t i o n  o r  i n  unlabeled r i n g  
a t  a by sho r t  a1 k y l  w i t h  para a l k y l  
0 t o  l a b e l  by aromat ics 

81.6% 

9.6% 
1.6% 
1.4% 
6.6% 

1.0% 

1 .O% 

6.8% 
0.7% 
0.3% 
0.2% 
4.7% 
0.3% 
0.5% 

J 
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FIGURE 1. 1% LABELED ('1 COMPOUNDS USED IN ADDUCTION STUDY 
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FIGURE 2. POSSIBLE FATES OF TETRALIN DURING ADDUCTION 
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INTRODUCTION 

I n  depth c h a r a c t e r i z a t i o n  of syn fue ls  requ i res  t h e  combinat ion o f  several 
a n a l y t i c a l  t o o l s  and approaches. Th is  requirement i s  due bo th  t o  the 
complex i ty  o f  t h e  m a t e r i a l s  t o  be analyzed and t o  t h e  i n fo rma t ion  conten t  t h a t  
i s  des i rab le  t o  ob ta in  on semi-rout ine,  research t y p e  samples. 

Synfuels genera l l y  con ta in  a l a r g e  v a r i e t y  of hydrocarbons, i n c l u d i n g  
para f f ins ,  c y c l o p a r a f f i n s ,  a l i p h a t i c  and aromat ic o l e f i n s ,  one t o  e i g h t - r i n g  
aromatics, and t h e  corresponding aromat ic furans, aromat ic thiophenes, 
hydroxy-aromatics, d i  hydroxy-aromatics, a romat ic  py r ro les  and aromatic 
py r i d i nes . Minor amounts o f  p o l y f u n c t i o n a l  components, such as 
thiophenofurans, hydroxy-ni t rogen compounds, etc., are a l s o  present,  as we l l  
as ketones, aldehydes, acids, amides, n i t r i l e s  and d i n i t r o g e n  compounds. 
A l k y l  s u b s t i t u t i o n  of t he  above can range from zero t o  up t o  50 carbon 
atoms. A l l  considered, a t y p i c a l  syn fue l  sample conta ins  as many as 1000 t o  
3000 carbon number homologs and many more p o s i t i o n a l  isomers. 

I n  our Labora tor ies ,  t h e  i n fo rma t ion  conten t  requ i red  i n  general inc ludes  a t  
l e a s t  t h e  i d e n t i f i c a t i o n  and de terminat ion  o f  most carbon number homologs, 
t h a t  i s  most d i s c r e e t  formulas, and as many i n d i v i d u a l  isomers as can be 
separated by gas chromatography (GC) or gas chromatographylmass spectrometry 
(GC/MS). These are numerous, i n  p a r t i c u l a r  i n  t h e  lower b o i l i n g  ranges up t o  
about C I 2 ,  where t h e  number o f  isomers i s  s u f f i c i e n t l y  smal l  t o  be resolved by 
cap i  1 l a r y  column GC. 

This p resen ta t i on  dea ls  w i t h  t h e  methodology developed a t  our l a b o r a t o r i e s  f o r  
t h e  d e t a i l e d  c h a r a c t e r i z a t i o n  o f  syn fue ls .  Th is  methodology w i l l  be 
i l l u s t r a t e d  w i th  examples taken from t h e  d e t a i l e d  ana lys i s  o f  a standard 
Colorado shale o i l  purchased from the  Nat iona l  Bureau o f  Standards (SRM 
1580). Issues discussed w i l l  i nc lude  separa t ion  procedures and t h e  ana lys is  
of t h e  separated f r a c t i o n s  by h igh  and low r e s o l u t i o n  mass spectrometry (HRMS 
and LRMS), GC/MS, nuc lea r  magnetic resonance (NMH) and o t h e r  methods. 

DISCUSSION 

A. Overa l l  Procedure 

The a n a l y t i c a l  scheme devised fo r  t h e  c h a r a c t e r i z a t i o n  o f  complex synfuels 
t h a t  i nc lude  s i g n i f i c a n t  amounts o f  non-hydrocarbons cons is t s  e s s e n t i a l l y  o f  a 
separa t ion  s tep  fo l lowed by ex tens ive  ins t rumenta l  ana lys i s  o f  t h e  separated 
f rac t i ons .  A schematic o f  the procedure i s  g iven  i n  F igure  1. 
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The ex tens ive  separa t ion  steps used y i e l d  impor tan t  i n f o r m a t i o n  on the  
chemical c lasses o f  components present, e n r i c h  t r a c e  components, f a c i l i t a t e  
subsequent ins t rumenta l  analyses by g r e a t l y  s i m p l i f y i n g  t h e  samples t o  be 
analyzed, and e l i m i n a t e  many u n c e r t a i n t i e s  r e l a t e d  t o  composi t ion as the  
presence o f  a given component i n  one o r  t h e  o t h e r  f r a c t i o n  i s  a c lue  t o  i t s  
i d e n t i f i c a t i o n .  For example, h igh  r e s o l u t i o n  6 can no t  determine i n  complex 
m ix tu res  whether a component whose formula con ta ins  one oxygen atom i s  
aromat ic fu ran  o r  a hydroxy-aromatic; but t he  component can be s a f e l y  assigned 
a fu ran ic  o r  a hydroxy-aromatic s t r u c t u r e  accord ing  t o  whether i t  occurs i n  a 
neu t ra l  aromat ic o r  i n  an a c i d i c  f r a c t i o n .  The number o f  f r a c t i o n s  separated 
depends on t h e  amount o f  i n fo rma t ion  des i red ;  and v a r i e s  from th ree  
(sa tura tes ,  aromatics, po la rs )  t o  twelve,  as discussed i n  t h i s  p resenta t ion .  
Unseparated ma te r ia l s  can a l s o  be analyzed; t h e  l o s s  o f  i n f o r m a t i o n  conten t  i s  
compensated by the  f a s t e r  response t ime and lower  a n a l y t i c a l  expendi ture.  
Furthermore, composi t ion u n c e r t a i n t i e s  can be reso lved reasonably we l l  i n  many 
such cases by us ing  assumptions based on i n fo rma t ion  ob ta ined from separated 
samples. 

Ins t rumenta l  t o o l s  used r i n  de t h  ana lys i s  o f  t he  f r a c t i o n s  i n c l u d e  h igh  
r e s o l u t i o n  Ms, GC/MS, " C  and ' t i  NMR, GC d i s t i l l a t i o n s  and elemental 
analyses. Data from these analyses are i n t e g r a t e d  t o  p rov ide  t h e  user w i t h  a 
mu l t i - f ace ted  i n s i g h t  i n t o  t h e  o v e r a l l  composition. 

B. Separat ions 

The separa t ion  scheme used f o r  the  NBS shale o i l  i s  shown i n  F igu re  2. I t i s  
based l a r g e l y  on procedures developed a t  t he  Laramie Energy Technology Center 
o f  t h e  Department o f  Energy, now Western Research I n s t i t u t e .  Genera l l y ,  the 
procedure y i e l d s  sharp f r a c t i o n s ,  a l though over laps  e x i s t ,  i n  p a r t i c u l a r  
between some o f  t he  aromat ic and t h e  lower p o l a r i t y  "po la r "  f r a c t i o n s ,  such as 
t h e  "neu t ra l  po la rs" .  As w i l l  be shown below, most o f  t he  over laps  can be 
co r rec ted  by the  subsequent ins t rumenta l  analyses o f  t h e  f r a c t i o n s .  I n  fac t ,  
i f ,  as mentioned above, separat ions improve the  o v e r a l l  c h a r a c t e r i z a t i o n ,  one 
can a l s o  s t a t e  t h a t  t h e  cha rac te r i za t i on  steps can improve t h e  q u a l i t y  o f  the  
separat ions by c o r r e c t i n g  f o r  separat ion over laps.  Both a n a l y t i c a l  steps are  
necessary f o r  i n  depth understanding. 

Another advantage o f  t he  above separa t ion  scheme i s  t h a t  i t  i s o l a t e s  some 
components t h a t  a re  no t  genera l l y  detected by h i g h  reso lu t i on ,  low vo l tage 
mass spectrometry and t h a t  would be very d i f f i c u l t  t o  de tec t  by GC/MS i n  very 
complex mixtures.  These a re  mainly the  a l i p h a t i c  ketones and n i t r i l e s  t h a t  
a r e  found i n  the  neu t ra l  po la rs ,  weak acids, and weak bases. 

Q u a n t i t a t i v e  data on the  f r a c t i o n s  separated from the  NBS shale o i l  are given 
i n  Table I .  Major components a r e  sa tura tes  and o l e f i n s  (most ly  l i n e a r ) ,  
s t rong  bases, neu t ra l  po la rs  and t h e  1 - r i ng  aromatics. Loss was on ly  about 9 
percent,  a small amount cons ider ing  t h a t  t h e  sample conta ined s i g n i f i c a n t  
concent ra t ions  o f  r e l a t i v e l y  l ow-bo i l i ng  m a t e r i a l s  i n  t h e  C8-C12 range. 

The a l i p h a t i c  f r a c t i o n  was separated f u r t h e r  i n t o  sa tura tes  and o l e f i n s .  
Al though t h e  p u r i t y  o f  t h e  f r a c t i o n s  was high, recovery was low. For  t h i s  
reason, q u a n t i t a t i v e  data were obtained on t o t a l  a l i p h a t i c s .  
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C. Ins t rumenta l  Ana lys is  

The a l '  h a t i c  r a c t i o n s  were analyzed by low reso lu t i on ,  h igh vo l tage MS, 
GC/MS. % and 15C NMR . A l l  o the r  f r a c t i o n s  were analyzed by the  same methods, 
except t h a t  t h e  FIS analyses were ob ta ined i n  the  much more powerful  h igh  
reso lu t i on ,  low vo l tage  mode, ra the r  than under low reso lu t i on ,  h igh  vo l tage 
cond i t ions .  

The type of i n f o r m a t i o n  ava i l ab le  f rom t h e  above methods i s  summarized. 

LOW Reso lu t ion  H i  h Vo l ta  e MS: Concentrat ion o f  sa tu ra te  and aromat ic 
compound types '  (hoiologous ?series). I n  the  present  work, the  approach was 
used on ly  on t h e  a l i p h a t i c  f r a c t i o n .  A ma jor  disadvantage i s  t he  
impossi  b i  1 i t y  o f  d i  s t i  ngui  s h ing  c y c l o p a r a f f i n s  from o l e f i n s ,  d i c y c l o p a r a f f  i n s  
f rom c y c l i c  o l e f i n s  o r  d i o l e f i n s ,  etc., due t o  t h e  f a c t  t h a t  they  have the  
same general formulas. 

High Resolut ion,  Low Voltage MS: Concent ra t ion  o f  aromat ic and p o l a r  aromat ic 
carbon number homologs. The method can determine several  thousand components 
pe r  sample, i n c l u d i n g  hydrocarbons and heterocompounds and y i e l d s  both very 
d e t a i l e d  and summarized data. I t s  main disadvantage i s  t h a t  i t  cannot be 
appl  i ed t o  a1 i p ha t i c components . 
GC/MS: I d e n t i f i c a t i o n s  and semi-quanti t a t i  ve ana lys i  s o f  i n d i v i d u a l  
components --  u s u a l l y  several  isomers f o r  each carbon number homolog. 
App l i cab le  t o  bo th  aromat ic and a l i p h a t i c  components, bu t  l i m i t e d  by the  
r e s o l u t i o n  o f  t h e  GC and the  6, b o i l i n g  p o i n t  and the  u n a v a i l a b i l i t y  o f  
re fe rence spectra f o r  many o f  t he  components found i n  shale o i l s .  

13C and 'H NMR: Overa l l  sa tu ra te ,  o l e f i n i c  or aromatic character;  semi- 
q u a n t i t a t i v e  i n s i g h t  i n t o  average s t r u c t u r a l  features.  

D. Typ ica l  Resu l ts  

The major compound types  determined i n  the  var ious  f r a c t i o n s  a re  l i s t e d  i n  
Table 11. The wide v a r i e t y  i s  an i n d i c a t i o n  o f  t h e  complexi ty o f  t h e  shale 
o i  1 studied. Most o f  t he  hydrocarbons, furans, thiophenes, hydroxy-aromatics 
and aromat ic n i t r o g e n  types were de tec ted  bo th  by h igh  r e s o l u t i o n  FIS and 
GC/MS. Some o f  t h e  more condensed mate r ia l s  were determined on ly  by h igh  
r e s o l u t i o n  MS; converse ly  a l i p h a t i c  p o l a r  types such as ketones and n i t r i l e s  
were seen on ly  by t h e  GC/MS as these ma te r ia l s  genera l l y  do no t  g i ve  
s i g n i f i c a n t  mo lecu la r  i ons  a t  low vol tages. 

A summary o f  t h e  h igh  r e s o l u t i o n  MS analyses o f  t h e  f r a c t i o n s  i s  g iven  i n  
Tables 111-V. Most o f  the  data i s  se l f -exp lanatory ;  several  comments are, 
however, i n  order. 

Overa l l  condensat ion i s  low; most o f  the  components a re  e i t h e r  l i n e a r ,  or 
con ta in  one o r  two aromatic or  p o l a r  aromat ic r ings .  

0 Separation i s  r a t h e r  sharp i n  most o f  the  f r a c t i o n s ;  i n c l u d i n g  the  
aromat ic sub- f rac t ions .  Aromatic over laps found ma in l y  i n  the  " less  
p o l a r "  p o l a r  f r a c t i o n s ,  such as the  weak bases and t h e  neu t ra l  po la rs ,  
and these aromat ics  a re  the  most condensed types, t h a t  indeed possess 
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some p o l a r  (bas i c )  character.  As most o f  t h e  a l i p h a t i c  p o l a r s  no t  seen 
by h igh  r e s o l u t i o n  MS are concentrated i n  these same f r a c t i o n s ,  they  are 
probab ly  more enr iched i n  p o l a r  components than i n d i c a t e d  by the  high 
r e s o l u t i o n  MS data. 

0 Asphaltenes con ta in  a very l a r g e  amount o f  n o n - v o l a t i l e  components. We 
a r e  now developing q u a n t i t a t i v e  methods f o r  de termin ing  a t  l e a s t  the  
molecu la r  weight d i s t r i b u t i o n  o f  t h i s  type  o f  m a t e r i a l s  i n  t h e  500-3000+ 
molecu la r  weight range us ing  f i e l d  deso rp t i on  mass spectrometry.  

Selected NMR parameters o f  t he  f r a c t i o n s  are  shown i n  Table V I .  Aromatic 
charac ter  increases, as expected, w i t h  nominal condensation, i n  good agreement 
w i t h  t h e  MS data. Frac t ions  t h a t  con ta in  a l i p h a t i c  po la rs ,  such as the 
neu t ra l  po la rs  and t h e  bases have lower a r o m a t i c i t y ,  as expected. I n  general, 
t he  NMH analyses conf i rm the  e f f i c i e n c y  o f  t he  separat ions.  The consistency 
o f  t he  NMR c h a r a c t e r i z a t i o n  i s  ev ident  f rom the  very good agreement between 
the  exper imental  da ta  obtained on t h e  t o t a l  sample be fore  t h e  separa t ion  and 
the  composite values ca l cu la ted  from the  eleven f r a c t i o n s  analyzed separa te ly  
(Table V I I ) .  

The GC/MS procedure i s  i l l u s t r a t e d  by p a r t i a l  chromatograms o f  t h e  a l i p h a t i c  
( sa tu ra tes  p lus  o l e f i n s )  and the neu t ra l  p o l a r  f r a c t i o n  t h a t  con ta ins  n i t r i l e s  
and ketones (F igures  3, 4 ) .  The composi t ion p a t t e r n  shown repeats i t s e l f  i n  
the h igher  carbon number range, up t o  about C25-C30. 

The i d e a l  a n a l y t i c a l  approach i n  t h i s  type  o f  e f f o r t  i s  t he  i n t e g r a t i o n  o f  a l l  
t he  a n a l y t i c a l  data. This i s  i m p l i c i t  i n  t he  da ta  repor ted  i n  the  previous 
sec t ions .  A more e x p l i c i t  procedure i s  t o  i d e n t i f y  as many i n d i v i d u a l  isomers 
o f  a g iven  carbon number homolog, say Cl0 benzenes o r  C7  py r id ines ,  as 
p o s s i b l e  by GC/MS and then t o  normal ize t h i s  da ta  t o  the  t o t a l  concent ra t ion  
o f  t h e  homolog as determined by h igh  r e s o l u t i o n  MS, us ing  these powerful 
techniques i n  a complementary way. The v a l i d i t y  o f  t he  approach i s  confirmed 
by the  da ta  i n  Table V I 1 1  t h a t  shows good agreement between q u a n t i t a t i v e  HRMS 
da ta  on the  t o t a l  carbon number homologs and t h e  sums o f  t h e  corresponding 
isomers as determined by GC/MS. One can thus  assume t h a t  i f  the  high 
r e s o l u t i o n  MS data on a given carbon number homolog show much h igher  values 
than t h e  corresponding sums o f  t h e  isomers found by GC/MS, t h e  dev ia t i on  i s  
due t o  isomers not de tec ted  by GC/MS. 

CONCLUSION 

The data repor ted  i n  t h i s  work show t h a t  very  complex mix tu res ,  such as 
synfuels,  can be charac ter ized  accura te ly  and i n  g rea t  d e t a i l  by a combination 
o f  a n a l y t i c a l  techniques. This n u l t i t e c h n i q u e  approach i s  e s s e n t i a l  f o r  any 
i n  depth understanding o f  t he  composi t ion o f  these ma te r ia l s .  Much more work 
i s  needed t o  cor robora te  and t o  extend t h e  i n fo rma t ion  gathered i n  t h i s  work 
but we be l i eve  we have the  means t o  do so. 
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Table I 

NBS SRh 1580 SHALE OIL PREP LC DATA 

F r a c t i o n  

Asphaltenes 

Weak Acids 

Strong Acids 

Weak Bases 

St rong Bases 

Saturates + Nonaromatic O l e f i n s  

1-Ring Aromatics 

1-2 Wing Aromatics 

2-3 Wing Aromatics 

3+ Ring Aromatics 

Neut ra l  Polars  

Hold-Up 8 Losses 

Tota l  

126 

Weight Percent 

1.60% 

5.0oX 

O."S% 

1.84% 

15.43% 

34.05% 

8.10% 

5.05% 

1.84% 

0.89% 

16.46% 

9.28% 

100.00% 



1. 

2. 

3. 

4. 

5. 

6. 

Table I 1  

MJOR COMPOUND TYPES I N  NBS SHALE O I L S  FRACTIONS 

Satura te  F rac t i on  
n -Para f f i ns  
Isopreno id  P a r a f f i n s  
Cyc lopa ra f f i ns  

O l e f i n  F r a c t i o n  
Alpha O le f i ns  
I n t e r n a l  O l e f i n s  

" 1- R i  ng Aromat i c"  F rac t  i on 
Benzenes 
Styrenes 
Indans /Te t ra l i ns  
Thiophenes 

7. 

8. 

9. 

"2 - R i n g Aroma t i c ' I  F r a c t i on 

Indenes 
Naphthalenes 
Biphenyls 
Acenaphthenes 

Benzofurans 

l ndans  , Tetra1 i ns 10. 

Benzothiophenes 11. 

"3-Ring Aromat ic"  F rac t i on  
Naphtha 1 enes 
B i  p heny 1 s 
F1 uorenes 
Phenanthrenes 
Pyrenes 

"3+Ri ng Aromat ic"  F rac t i on  
Phenanthrenes 
C h ry  senes 
Benzoanthracenes 

12. 

Neutral  Po la r  F r a c t i o n  
l i n e a r  C y c l i c  Ketones 
A l i p h a t i c  8 N i t r i l e s  
Benzon i t r i l es / Indo les  

Weak Ac id  F r a c t i o n  
Phenols 
Carbazoles 
Py r ro 1 e s 
A l i p h a t i c  N i t r i l e s  

Strong Acid F r a c t i o n  
Phenols 
Hydroxy- IndanslTetral ins 
Carbazoles 

Weak Base F r a c t i o n  
N i  t r i  l e s  
2-Ketones 
Acetophenones 

Strong Base F r a c t i o n  
Pyri  d i  nes 
Oui no1 i nes 
Tet rahydroqu ino l ines  
Tetrahydrocarbazoles 

m e s  
1-3 Ring N i t rogen Compounds 

1 2 7  



Table I 1 1  

SUMMRY COMPOSITION OF NEUTRAL FRACTIONS AS DETERMINE0 BY 
HIGH AN0 LOW RESOLUTION hS 

Component Type 

A l i p h a t i c s  

Aromatic Hydrocarbons 
1 Ring 
2 Ring 
3 Ring 
4 Ring 
5 tR i  ng 

1 King 
2 Ring 
3 tR ing  

1 Ring 
2 Ring 
3 Ring 
4 t K i  ng 

Aromatic Thiophenes 

Aromatic Furans 

Aromatic D i fu rans  

N i t rogen Cpds. 

Residue 

Weight Percent 1 

A1 i p h a t i  cs 

95.6 

4.4 
4.4 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0 .o 
0.0 

0.0 

0.0 

0.0 

- 

A romat i cs 
1 Ring 2 Ring 3 Ring 4 R i n g  

0.0 

82.2 
73.1 

9.2 
0.0 
0.0 
0.0 

17.5 
15.5 
2.0 
0.0 

0.3 
K-3 
0.0 
0.0 
0.0 

0.0 

0.0 

0.0 

- 

0.0 

87.0 
16.8 
62.3 

6.9 
0.9 
0.1 

7.4 
0.2 
6.3 
0.9 

4 .O 
2-3 
1.6 
0.1 
0.0 

0.0 

1.6 

0.0 

- 

- 

0.0 

83.6 
1.4 

29.1 
42.9 

9.6 
0.6 

7.1 
1.4 
5.6 
0.1 

5.7 n 
3.4 
0.7 
0.6 

0.3 

3.3 

0.0 

- 

- 

- 

- 

0.0 

78.7 
3.1 

12.1 
38.0 
24.9 
0.6 

8.8 
2.9 
2.9 
3.0 

- 

3.1 
0.0 
0.5 
1.1 
1.5 

1.5 - 
6.3 - 
1.6 

, 
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I t 
Table I V  

L SUMMRY COMPOSIT ION OF POLAR FRACTIONS AS DETERMINED BY HIGH RESOLUTION MS 

Component Type 

Mono-Oxygen Cpds. 
(mostly hydroxy- 

aromat ics)  
1 Ring 
2 Ring 
3 Ring 
4+Hi ng 

D i  -Oxygen Cpds. 
(most ly  d i  hydroxy- 

aroma t i cs ) 
1 Ring 
2+Hing 

1 Ring 
2 Ring 
3 Ring 
4+Ring 

1 Ring 
2 Ring 
3+Ring 

Ni t rogen Cpds. 

Nitrogen-Oxygen Cpds. 

Misc. N. Compounds 

Aromatic Hydrocarbons 
1-3 Ring 
4-6 Ring 

Thiophenes 

Furans 

Residue 

Weight Percent 
Neutra l  Weak Strona Weak Strona 
Polars 

11.9 - 

9.2 
1.4 
0.8 
0.5 

0.0 - 

0.0 
0.0 

57.1 
2.2 

37.4 
15.5 
2.0 

0.7 
a;r 
0.3 
0.3 

0.4 

22.0 ars 
15.5 

0.3 

0.0 

7.6 

- 

- 
- 
- 

Acids Acids- -- 
15.2 

11.7 
2.1 
0.6 
0.8 

2.5 - 

1.7 
0.8 

54 .O 
5.2 

25.0 
18.2 

5.6 

3.5 m 
1.4 
0.7 

3.0 

2.1 
-2TT 
0.5 

0.3 

0.0 

19.4 

- 

- 
- 
- 
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43.4 - 

35.6 
6.4 
1.3 
0.1 

6.0 - 

4.5 
1.5 

8.5 
0.3 
3.0 
4.6 
0.6 

10.4 
T3 

2.9 
0.6 

1.2 

0.5 n 
0.1 

0.2 

0.0 

29.8 

- 

- 

- 
- 
- 

Bases Bases Asphaltenes -- 
1.7 - - 4.1 0.2 

2.8 0.1 0.7 
1.1 0.1 0.8 
0.2 0.0 0.2 
0.0 0.0 t races  

0.6 - 0.0 0.0 - 

0.0 0.0 0.5 
0.0 0.0 0.1 

63.1 88.0 - 10.5 
4.3 45.3 1.9 
- -  
30.5 25.6 5.0 
22.6 13.5 3.0 

5.7 3.6 0.6 

4.9 0.4 1.4 
T;cim 014 
2.3 0.1 0.8 
1.6 0.2 0.2 

1 .o - 0.0 2.0 - 
7.0 1.9 0.3 
n T 7  n 
5.1 0.2 0.1 

0.2 0.0 Traces 

0.0 0.0 

- 
0.0 - - -  

20.6 7.5 - 84.5 - 



Table V 

SUMMARY COMPOSITION OF SHALE OIL AS CALCULATED FROM ANALYSES OF FRACTIONS 

Component 

A l i p h a t i c s  

Neutra l  Aromatics 

Hy;r;;;;bons 

2 Ring 
3 Hing 
4 Ring 
5+Ring 

Thiophenes 
1 Ring 
2 Hing 
3 Hing 
4+Ri ng 

Furans 
1 Hing 
2 Ring 
3 King 
4+Ri ng 

O i  furans 

W t .  Pct. 

32.53 

21.43 

18.98 
-TEE 

4.94 
2.01 
2.76 
0.41 

2.07 
1.33 
0.63 
0.10 
0.01 

0.36 
0.16 
0.14 
0.02 
0.04 

0.02 

- 
- 

- 

- 

- 

Component 

Polar  Aromatics 

Mono-Oxygen Cpds. 
1 Ring 
2 Ring 
3 Ring 
4+Ring 

1 Ring 
2 Ring 
3+Ring 

Di-Oxygen Cpds. 

Ni;r;q;ng Cpds. 

2 Ring 
3 Ring 
4+Ring 

1 Ring 
2 Ring 
3+Ri ng 

Nitrogen-Oxygen Cpds. 

Misc./Nitrogen Cpds. 

Residue 

Separation Loss 
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wt. Pct. 

31.49 

3.04 
2.35 
0.41 
0.17 
0.11 

0.16 
0.11 
0.04 
0.01 

27.23 7-n 
12.08 
6.12 
1.29 

0.51 m 
0.21 
0.15 

0.55 

5.27 

9.28 

- 

- 

- 
- 
- 



Table V I  

SELECTED NbR DATA ON FRACTIONS 

Mole Percent 

Carbon A1 i pha- Aromat i cs Neutral  
T y p e -  t i c s  King Po lars  Acids Bases Asphaltenes 1 Ring 2 King 3 

Aromatics 0.0 33.5 54.2 54.3 33.0 55.1 40.4 66.3 

01 e f  i n i c  2.3 1.4 0.0 0.0 0.0 0.0 0.0 0.0 

A l i p h a t i c  97.6 65.2 45.8 45.7 67.0 44.9 59.6 33.7 

Table VI1 

COMPARISON OF NMR DATA ON FRACTIONS AND TOTAL SAMPLE 

Carbon Type 

, Aromatic 

O l e f i n i c  

A l i p h a t i c  

Mole Percent 
Composite Ca lcu la ted  Exper imental  Value 

from Frac t ions  Found f o r  To ta l  Sample 

25.8 

1.0 

73.2 

27.2 

1.6 

71.2 
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Table VI11 

COMPARISON OF HIGH RESOLUTION Ms (HRMS) AND GC/Ms DATA 
ON SELECTED COMPONENTS IN VARIOUS FRACTIONS 

Concent ra t ion  , 
Components - HR-2 No. o f  Components , 

Alkylbenzenes, wt.  p c t .  

0.48 0.25 ‘8 

c9 1.27 1.42 

C10 6.06 6.61 

c11 7.02 6.34 

c12 2.90 2.53 

Phenols, ppm 

‘6 

c7  

‘8 

Pyr id ines ,  w t .  pc t .  

c5  
,. 

4.3 

28.4 

16.9 

0.10 

1.02 

0.69 

0.19 

8.0 

26.0 

17.8 

0.19 

1.11 

0.60 

0.10 
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WEATHERING EFFECTS ON YIELD AND COMPOSITION OF PYROLYTIC COAL TARS 

I 

I 
Emma Jakab, W i l l i am H. McClennen, Barbara Hoesterey, 

Henk L.C. Meuzelaar and George R. H i l l  

391 S. Chipeta Way, S u i t e  F, Research Park 
S a l t  Lake C i t y ,  Utah 84108 

U n i v e r s i t y  o f  Utah, B iomate r ia l s  P r o f i l i n g  Center 

INTRODUCTION 

Over the  past  few years the  main t h r u s t  o f  ou r  f o s s i l  f u e l s  research program a t  the 
U n i v e r s i t y  o f  Utah Biomater ia ls  P r o f i l i n g  Center has been t o  i n v e s t i g a t e  the  oxida- 
t i o n  ("weathering") behavior o f  coals  and coal  l i q u i d s .  
program are:  e l u c i d a t i o n  o f  r e l e v a n t  s t r u c t u r e l r e a c t i v i t y  r e l a t i o n s h i p s  and o f  
reg ress i ve  r e a c t i o n  mechanisms; determinat ion o f  the i n f l uence  o f  weathering on 
technologica l  p roper t i es  (e.g., caking, c a l o r i f i c  value, f l o t a b i l i  t y  and e x t r a c t i -  
b i l i t y  as we l l  as l i q u e f a c t i o n  and g a s i f i c a t i o n  behavior ) ;  and development of novel, 
r e l i a b l e  methods f o r  measuring the  "weathering index"  o f  coal  samples from a g iven 
seam o r  f i e l d .  

Our experimental approach has been p r i m a r i l y  based on a combination o f  conventional 
coal p y r o l y s i s  and c h a r a c t e r i z a t i o n  methods and more advanced inst rumenta l  techni -  
ques, such as p y r o l y s i s  mass spectrometry (Py-MS), thetmogravimetry (TG) and 1 i q u i d  
chromatography (LC), w i t h  soph is t i ca ted  numerical ana lys i s  methods, such as fac to r  
and d i sc r im inan t  ana lys i s  (1,2,3). 

I n  previous repo r t s  we have discussed our f i n d i n g s  w i t h  regard t o  weather ing e f f e c t s  
on s t r u c t u r e / r e a c t i v i t y  r e l a t i o n s h i p s  ( l ) ,  f r e e  swe l l i ng  index (1,2), c a l o r i f i c  
va lue (1,2), e x t r a c t a b i l i t y  (1.4) and tub ing  bomb reac to r  (TBR) conversion y i e l d s  
(1). 
and thus lend a d d i t i o n a l  suppor t  t o  - a "b ina ry "  coal s t r u c t u r e  model, r e c e n t l y  
proposed by Given ( 5 ) .  According t o  t h i s  model, most coals  con ta in  a s i zeab le  
f r a c t i o n  o f  "mobile phase" components, many o f  which are p h y s i c a l l y  t rapped i n  
c l a t h r a t e - l i k e  s t ruc tu res  formed by t h e  "network phase". From our weathering 
s tud ies on HVB Hiawatha coa l  we concluded t h a t  t he  main weathering e f f e c t  could be 
expla ined as a l oss  o f  mobi le  phase components through " g r a f t i n g "  onto the  network 
phase (1 ) .  

I n  t h i s  paper, we present the  r e s u l t s  o f  a s tudy on t h e  e f f e c t s  o f  weathering on 
p y r o l y t i c  t a r s  produced by a vacuum mic ropy ro l ys i s  technique (Cur ie -po in t  Py-MS) 
which can be used as a model system f o r  s h o r t  con tac t  t ime p y r o l y s i s  processes i n  
bench scale, as we l l  as p i l o t  p l a n t  sca le  reac to rs .  

EXPERIMENTAL 

Coal samples were obta ined from f r e s h  channel cuts  i n  the Hiawatha and A d a v i l l e  #6 
(Kemmerer f i e l d ,  Wyoming) seams as we l l  as from a recent, c a r e f u l l y  preserved, d r i l l  
core of t h e  Anderson seam (Powder R ive r  bas in,  Wyoming). A l l  samples were m i l l e d  t o  
4 0  mesh i n  n i t rogen  atmosphere. 
e t i c a l l y  closed g lass b o t t l e s  a t  -2OOC i n  t h e  dark. 
(Wasatch Plateau f i e l d ,  Utah) coal  t a r  sample was obta ined from a p i l o t  p l a n t  scale 
Wellman-Galusha g a s i f i e r  r u n  ( 3 )  and stored i n  tough f luorocarbon p l a s t i c  conta iners 
immersed i n  l i q u i d  n i t rogen.  

I n  t h e  l abo ra to ry  weathering experiments, 15-20 9 a l i q u o t s  o f  coals  were exposed t o  
a i r  a t  d i f f e r e n t  temperatures us ing  a s p e c i a l l y  const ructed bench sca le  weathering 
equipment described elsewhere (6 ) .  Weathering temperatures and t imes o f  t he  coals  

S p e c i f i c  o b j e c t i v e s  o f  t h i s  

I n  many instances, i n t e r p r e t a t i o n  o f  ou r  f i n d i n g s  appeared t o  b e n e f i t  from - 

Sample s torage took p lace under n i t r o g e n  i n  herm- 
A f r e s h  B l i n d  Canyon seam 
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s tud ied  are l i s t e d  i n  Table I .  Weathering of t he  coal t a r  took p lace i n  oxygen 
hea t ing  150-300 mg samples i n  sealed g lass v i a l s  a t  80°C f o r  64 hours. Contro l  coal 
and t a r  samples were exposed t o  n i t rogen  atmosphere under s i m i l a r  cond i t i ons  as the  
a i r  and oxygen weathered samples. 

Py ro l ys i s  experiments were performed us ing an Ext ranuclear  5000-1 Cur ie -po in t  Py-MS 
system ( 7 ) .  Twenty f i v e  pg coal samples were coated on fer romagnet ic  wi res from 
methanol o r  to luene suspensions. 
f o l l o w s :  heat ing r a t e  approx. lOO"C/s, end temperature 61OoC, t o t a l  heat ing t ime 
10 s, e lec t ron  energy 12 eV, masf range scanned m/z 20-260. 
p y r o l y s i s  spectra were obta ined under the  same cond i t i ons  by coa t ing  10 ug samples 
o n  t h e  wires from dichloromethane s o l u t i o n s .  
weathered Hiawatha coa ls  were obta ined by scanning 3-8 mass peaks dur ing each p y r o l -  
y s i s  experiment and reco rd ing  the  envelopes o f  t he  i o n  i n t e n s i t i e s .  

Computerized data analyses were performed on the  Py-MS data se ts  of f resh,  N2 
exposed and a i r l oxygen  weathered coal  and t a r  samples. Weathering-induced d i f f e r -  
ences were analyzed us ing  f a c t o r  and d i sc r im inan t  ana lys i s  methods (8,g). 

RESULTS AND DISCUSSION 

A systematic i n v e s t i g a t i o n  o f  t he  e f f e c t s  o f  coal weathering on the  y i e l d  and com- 
p o s i t i o n  o f  p y r o l y t i c  t a r s  requ i res  the a v a i l a b i l i t y  o f  s u i t a b l e  model systems fo r  
c o n t r o l l e d  weathering and p y r o l y s i s  o f  w e l l  de f i ned  coal samples. Bench scale 
equipment f o r  weathering coal  samples i n  c o n t r o l l e d  atmospheric environments has 
been described i n  p rev ious  r e p o r t s  (6, lO). 
equipment has been used w ide ly  t o  study coal  p y r o l y s i s  behavior and i s  repo r ted  t o  
p rov ide  a v a l i d  model f o r  p i l o t  p l a n t  sca le  coal  conversion processes (11). 

Un fo r tuna te l y ,  even TBR runs r e q u i r e  time-consuming equipment p repara t i on  and 
product  work-up steps. One o f  t he  l a r g e s t  TBR s tud ies  repor ted i n  the  l i t e r a t u r e ,  
i n v o l v i n g  104 U.S. coals ,  was c a r r i e d  ou t  by Given and co-workers (12) over a one 
year  per iod.  The s i z e  o f  t h e  s tudy was d i c t a t e d  by the need t o  perform a thorough 
s t a t i s t i c a l  ana lys i s  o f  t h e  r e l a t i o n s h i p s  between coal c h a r a c t e r i s t i c s  and coal 
y i e l d .  I n  con t ras t ,  a vacuum mic ropy ro l ys i s  study o f  102 U.S. coals  by means of 
Cur ie-point  Py-MS, as repo r ted  by Meuzelaar e t  aZ. (13), was c a r r i e d  out  i n  on l y  two 
weeks wh i l e  i n c l u d i n g  quadrup l i ca te  runs o f  each sample t o  f u r t h e r  enhance s t a t i s -  
t i c a l  ana lys i s  p o s s i b i l i t i e s .  

Moreover, several o t h e r  s tud ies  have prov ided s t rong  i n d i c a t i o n s  t h a t  Cur ie-point  
Py-MS can be used as a v a l i d  model f o r  s h o r t  con tac t  t ime p y r o l y s i s  processes i n  TBR 
systems. 
r a p i d  heat ing TBR system has been shown t o  be comparable t o  t h a t  o f  coal pyro lyzates 
obta ined by d i r e c t  Py-MS (1). Moreover, p y r o l y s i s  t a r  from a p i l o t  p l a n t  sca le  
Wellman Galusha f i x e d  bed r e a c t o r  (F igu re  l a )  can be seen t o  be q u i t e  s i m i l a r  t o  a 
Cur ie-point  py ro l yza te  ( F i g u r e  l b )  when a l l ow ing  f o r  t he  l o s s  o f  gaseous products 
d u r i n g  c o l l e c t i o n  o f  t he  Wellman-Galusha t a r .  More r e c e n t l y ,  a systematic Py-MS 
study of 47 U.S.  coals ,  c a r r i e d  o u t  by Voorhees and co-workers (14), has f u r t h e r  
demonstrated the v a l i d i t y  o f  Cur ie-point  Py-MS as a coal p y r o l y s i s  model capable of 
P red ic t i ng  t a r  y i s ld :  iii TBR experiments as w e l l  as i n  l a r g e r  sca le  p y r o l y s i s  r e -  
t o r t s .  

Examples of t he  use o f  t h e  Cur ie -po in t  Py-MS technique t o  study the composit ion of 
P y r o l y t i c  coal  t a r s  from t h r e e  Western coals ,  a Hiawatha h igh  v o l a t i l e  A bituminous 
coa l ,  an A d a v i l l e  #6 subbituminous coal  and an Anderson seam l i g n i t e ,  are shown i n  
F igu re  2. 
r e f l e c t e d  by an increase i n  dihydroxybenzenes and phenols and a r e l a t i v e  decrease i n  
naphthalenes and s h o r t  cha in  a l i p h a t i c  hydrocarbons (13) are dominant i n  the spectra. 

Py ro l ys i s  and mass spectrometry cond i t i ons  were as 

Tar evaporat ion/ -  

Time-resolved spect ra o f  f r e s h  and 

Moreover, t ub ing  bomb r e a c t o r  (TBR) 

For  instance,  t h e  composit ion o f  p y r o l y t i c  t a r s  obta ined by means of a 

AS expected, rank r e l a t e d  d i f f e rences  between the  three coals ,  e.9. 
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Nevertheless, weathering-induced changes (marked by arrows on the  spect ra o f  f resh 
coa ls  i n  F igure 2) ,  e.g., i n v o l v i n g  an increase i n  a l i p h a t i c  ca rboxy l i c  ac ids and 
ketones accompanied by decreased y i e l d s  of phenols and dihydroxybenzenes i n  the  
l i g n i t e  and subbituminous coal  samples as w e l l  as a s t rong  reduc t i on  i n  naphthalen ic  
peak i n t e n s i t i e s  i n  t h e  hvb coal ,  a re  a l s o  e a s i l y  recognizable. 
weathered Hiawatha coal  samples showed t h a t  conversion y i e l d s  obta ined by s h o r t  
con tac t  t ime  p y r o l y s i s  i n  a tub ing  bomb r e a c t o r  (25 s a t  4 2 O O C )  decreased by 50% 
(11, whereas m ic ropy ro l ys i s  (Cur ie -po in t  Py-MS a t  610°C f o r  5 s) y i e l d s  decreased 
by an estimated 20% (4 ) .  P re l im ina ry  r e s u l t s  from Py-MS experiments on a l l  t h r e e  
Western coals  discussed here i n d i c a t e  t h a t  vacuum mic ropy ro l ys i s  conversion y i e l d s  
decrease by an estimated 10-30% upon weathering. 

Comparison o f  the i o n  i n t e n s i t i e s  as a f u n c t i o n  o f  p y r o l y s i s  t ime ( t ime  p r o f i l e  
curves)  reveals  t h a t  the e v o l u t i o n  shape o f  several i o n  i n t e n s i t y  curves i s  d i f f e r -  
e n t  between f resh  and a i r  weathered coals  as shown f o r  Hiawatha coal i n  F igure 3. 
Increased so lvent  (methanol; m/z 32) r e t e n t i o n  i n d i c a t e s  increased p o l a r i t y  i n  the  
weathered coal .  The f a c t  t h a t  carbon d i o x i d e  (m/z 44) as w e l l  as benzene (m/z 78) 
curves both show an inc reas ing ,  e a r l y  component may i n d i c a t e  aromatic c a r b o x y l i c  
a c i d  formation dur ing weathering. Moreover, a l i p h a t i c  ca rboxy l i c  a c i d  i ons  show 
increased e a r l y  components as w e l l  (e.g., CH3COOHt i n  F igure 3 f ) .  
alkylnaphthalenes (e.g., t h e  C2-alkylnaphthalene i n  F igu re  3c )  show a s t rong  de- 
crease a t  lower temperatures i n  the weathered coal .  

The d i sc r im inan t  ana lys i s  r e s u l t s  shown i n  Table I and Figure 4 reveal  cha rac te r i s -  
t i c  changes i n  the composit ion o f  t h e  p y r o l y t i c  t a r s  obta ined from coa ls  weathered 
i n  a i r ,  whereas l i t t l e  o r  no change i s  observed i n  the  c o n t r o l  samples exposed t o  N2 
atmospheres. Although a q u a n t i t a t i v e  comparison o f  weathering-induced changes i n  
the  d i f f e r e n t  coals  i s  n o t  poss ib le  because o f  v a r i a t i o n s  i n  the t o t a l  d u r a t i o n  o f  
t h e  th ree  experiments as w e l l  as i n  the  weathering temperatures, q u a l i t a t i v e  analy-  
s i s  o f  t h e  three d i sc r im inan t  spect ra i n  F igure 4 revea ls  marked d i f f e rences .  For 
example, the p y r o l y t i c  t a r  obta ined from weathered Anderson l i g n i t e  shows a de- 
creased c o n t r i b u t i o n  o f  d i  hydroxybenzenes, whereas t h e  spectrum o f  t he  subbituminous 
A d a v i l l e  #6 t a r  e x h i b i t s  a more pronounced decrease i n  phenolic compounds as w e l l .  
Moreover, s l i g h t  increases i n  the  r e l a t i v e  c o n t r i b u t i o n s  of aromatic hydrocarbons 
(benzenes t naphthalenes) can be noted i n  the l a t t e r .  Furthermore, t he  py ro l yza te  
o f  weathered hvb Hiawatha coa l  t a r  shows a pronounced loss  o f  naphthalen ic  com- 
pounds. 

Although the d e t a i l e d  mechanism behind these changes a re  no t  y e t  understood the  
d i f ferences between th ree  d i sc r im inan t  spec t ra  i n  F igu re  4 are more o r  l ess  con- 
s i s t e n t  w i t h  the d i f f e rences  observed between the  composit ion of t h e  p y r i d i n e  
e x t r a c t a b l e  f r a c t i o n s  o f  each o f  t h e  th ree  coals  (no t  shown here). Consequently, 
our  e a r l i e r  i n t e r p r e t a t i o n  o f  t he  l oss  o f  naphthalen ic  components i n  the  py ro l yza te  
o f  Hiawatha coal as due t o  " g r a f t i n g "  o f  e x t r a c t a b l e  mobi le  phase components onto 
the  network phase ( l ) ,  may w e l l  ho ld  t r u e  f o r  t he  two lower rank coals  as w e l l .  
Obviously, f u r t h e r  work i s  requ i red  t o  con f i rm  these f i n d i n g s  and i n t e r p r e t a t i o n s .  

E a r l i e r  s tud ies  on 

On the  o the r  hand 

F i n a l l y ,  i t  should be noted t h a t  whereas changes i n  the  r e l a t i v e  abundance o f  
aromatic compound se r ies  appear t o  be q u i t e  s p e c i f i c  f o r  each coa l ,  a l l  t h r e e  coals  
show increased mass peak i n t e n s i t i e s  a t  m/z 28 (e.g., CO"), 44 (e.g. C0zt.) and 
60 (e.g. CH COOH+.). Apparently, t he  fo rma t ion  o f  p o l a r  f unc t i ona l  groups, e.g. i n  
s h o r t  ~ h a i n ~ a l i p h a t i c  mo ie t i es ,  i s  a general c h a r a c t e r i s t i c  o f  o x i d a t i v e  changes i n  
Western coals  independent o f  d i f f e rences  i n  rank.  

Whereas our experiments demonstrate t h a t  coal weathering in f luences the  composit ion 
o f  p y r o l y t i c  t a r s  i t  i s  a l so  known t h a t  such t a r s  a re  o f t e n  q u i t e  r e a c t i v e  and prone 
t o  reg ress i ve  reac t i ons  which may cause marked changes i n  the  phys i ca l  and chemical 
p roper t i es  o f  the t a r  (15). 
ac t i ons  on the composit ion o f  p y r o l y t i c  t a r s  w i t h  t h a t  o f  coal weathering processes, 

I n  order  t o  compare the  e f f e c t  o f  " regress ive"  r e -  
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c a r e f u l l y  preserved samples o f  " f resh"  t a r  f rom t h e  Wellman Galusha g a s i f i e r  and t a r  
samples exposed t o  oxygen as we l l  as c o n t r o l  samples exposed t o  N2 were analyzed by 
low vo l tage MS. Minor, bu t  h i g h l y  c h a r a c t e r i s t i c  changes i n  chemical composition 
were found i n  t h e  oxygen exposed samples by means o f  d i s c r i m i n a n t  ana lys is  techn i -  
ques. 
abundance o f  dihydroxybenzene peaks along w i t h  several  o the r  peak ser ies  thought t o  
represent naphthols and phenols (and/or quinones). 
ment w i t h  e a r l i e r  s tud ies  by McMil lan e t  aZ. (15).  

The B l i nd  Canyon coa l  used t o  produce the  Wellman Galusha t a r  i s  c l o s e l y  r e l a t e d  t o  
t h e  Hiawatha coa l  and shows s i m i l a r  weathering behavior (10).  
i n t e r e s t i n g  t o  no te  t h a t  whereas naphthalene m o i e t i e s  p lay  a prominent r o l e  i n  coal  
weathering r e l a t e d  changes they do not appear t o  be d i r e c t l y  invo lved i n  ox ida t i ve  
t a r  processes. Th is  would seem t o  i n d i c a t e  t h a t  both types o f  o x i d a t i v e  processes 
i n v o l v e  q u i t e  d i f f e r e n t  r e a c t i o n  mechanisms. 
aromat ic and hydroxyaromat ic t a r  components i s  thought t o  be due p r i m a r i l y  t o  
" g r a f t i n g "  reac t i ons  between t h e  mob i le  and the  network phase, loss o f  hydroxy- 
aromat ic components du r ing  t a r  o x i d a t i o n  i s  more l i k e l y  t o  be caused by simple 
condensation reac t ions .  Add i t i ona l  evidence f o r  such reac t i ons  i s  found i n  Figure 5 
showing an increased abundance o f  smal l  mass peaks i n  t h e  h igh  mass range (poss ib ly  
represent ing  condensed t a r  components) upon weathering. 

CONCLUSIONS 

The d i s c r i m i n a n t  spectrum i n  F igure  5 revea ls  a decrease i n  the  r e l a t i v e  

These observat ions a r e  i n  agree- 

Therefore i t  i s  

Whereas weathering induced loss  o f  

Weathering-induced decreases i n  r e l a t i v e  y i e l d s  of p y r o l y t i c  t a r s  f rom Western 
coa ls  o f  d i f f e r e n t  rank ( l i g n i t e  t o  hvb) may range from 20 t o  50%, depending on 
py ro l ys i s  cond i t i ons .  

P y r o l y t i c  coa l  t a r s  o f  remarkably s i m i l a r  composi t ion are obtained from a 
Wellman Galusha r e a c t o r  and from a vacuum m i c r o p y r o l y s i s  experiment i n  s p i t e  of 
8-9 o rders  o f  magnitude d i f f e r e n c e s  i n  sample s ize .  

Vacuum m i c r o p y r o l y s i s  experiments on th ree  Western coa ls  o f  d i f f e r e n t  rank 
(1 i gn i te ,  subbituminous and hvb-A) which were o x i d i z e d  ("weathered") under 
c o n t r o l l e d  l a b o r a t o r y  cond i t ions  show marked d i f f e r e n c e s  i n  the  behavior o f  
aromat ic t a r  components bu t  an o v e r a l l  s i m i l a r i t y  i n  the  inc rease o f  po la r ,  
a1 i p  h a t i  c compounds. 

I n  each coal  t he  observed changes i n  the  r e l a t i v e  abundance o f  aromat ic com- 
Eounds appear t o  be exp la inab le  by a l oss  o f  mob i le  phase components through 

S m a l l  bu t  c h a r a c t e r i s t i c  changes which occur i n  t h e  composi t ion of a Wellman 
Galusha r e a c t o r  coa l  t a r  d u r i n g  exposure t o  oxygen a t  8OoC p o i n t  t o  the  
occurrence o f  condensat ion reac t ions  i n v o l v i n g  dihydroxybenzenes and o the r  
hydroxyaromatic compounds. 

g ra f t i ng "  r e a c t i o n s  w i t h  the  network phase d u r i n g  coa l  weathering. 
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Sample 
Treatment Hiawatha 

A i r  weathered 100°C, 96 h r .  

N, exoosed 8OoC, 120 hr .  

TABLE I 1  

SCORES OF THE FIRST DISCRIMINANT FUNCTIONS OBTAINED FOR PYROLYSIS MS DATA ON 

FRESH, N2 EXPOSED AND AIR WEATHERED SAMPLES 

A d a v i l l e  # 6 Anderson 

100°C, 96 hr .  8OoC, 232 hr .  

100°C, 96 h r .  80°C, 232 h r .  

Sample* 
Treatment 

Fresh 

N2 exposed 

A i r  weathered 

* Weathering c o n d i t i o n s  a r e  shown i n  Table I. 

** Discr im inant  f u n c t i o n  r o t a t e d  f o r  maximum d i s c r i m i n a t i o n .  

D isc r im inan t  Scores (DI )  
H i  awatha A d a v i l l e  #6** Anderson 

1.61 f 0.34 0.88 f 0.07 1.68 t 0.34 

1.20 f 0.27 0.88 2 0.44 1.09 f 0.10 

-1.13 f 0.31 -0.98 f 0.33 -0.85 f 0.43 
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0) HIAWATHA COAL 

110 b) ADAMLLE # 6 COAL 
I 124 (subbitumiwus) 

I t  
1% 281 132 

c)  ANDERSON COAL 
(lignite) 

dihydmxybenzenes 

40 60 80 Kx) 120 140 160 180 X X I  220 240 260 
m h  

\ 

F igu re  2. Low vo l tage  p y r o l y s i s  mass spect ra o f  f r e s h  coal  samples from ( a )  
Hiawatha seam (b) A d a v i l l e  #6 seam and ( c )  Anderson seam. 
ca te  changes i n  mass peak i n t e n s i t i e s  i n  the a i r  weathered coals .  
t h a t  mass spectrometry cond i t i ons  were d i f f e r e n t  from t h a t  i n  F igure 1 
r e s u l t i n g  i n  increased s e n s i t i v i t y  i n  h i g h  mass range. 

Arrows i n d i -  
Note 
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F igu re  4. D isc r im inan t  spect ra obtained on Py-MS data sets  o f  f r e s h  and a i r  
weathered coa ls  from: (a) Hiawatha seaq!; (b)  A d a v i l l e  #6 seam; and (c)  
Anderson seam. P o s i t i v e  components (DI ) represent  mass peaks decreased 
i n  weathered samples. Negative components (D I - )  represent  compounds 
increased i n  weathered samples. 
sol vent (s ). 

( 5 )  denotes peaks o r i g i n a t i n g  from 
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DEACTIVATION OF DIRECT COAL LIQUEFACTION 
CATALYSTS BY CARBONACEOUS DEPOSITS* 

Frances V. Stohl and Howard P. Stephens 
Sandia National Laboratories 

Albuquerque, NM 87185 

INTRODUCTION 

The accumulation of carbonaceous deposits on direct coal 
liquefaction catalysts has long been known to cause significant, 
rapid deactivation. We have previously shown that greater than 75% 
of the catalyst hydrogenation activity and 50% of the 
hydrodesulfurization activity is lost due to carbonaceous deposits 
within the first few days of coal processing.(l) The objective of 
the work reported here, which is part of a larger study aimed at 
extending catalyst life by mitigating the effects of carbonaceous 
deposits, was to determine the impact of several hydrotreater feed 
components and distillate cuts on catalyst activity. This work 
differs from previous ~ t u d i e s ( ~ 1 ~ )  in that we have not only 
characterized the catalyst but have also quantitatively measured 
catalyst activity losses resulting from the contaminants. As a 
result of this study, we have found that losses of catalyst 
extrudate hydrogenation activity ranged from 23% for experiments 
with the lowest boiling fraction to 82% for a high boiling point 
feed component. Although HDS activity was not affected by the low 
boiling fraction, a 70% loss resulted from hydrotreating the highest 
boiling point component. 

EXPERIMENTAL PROCEDURES 

Two process streams and various distillate cuts of a coal 
liquefaction hydrotreater feed were catalyticlly hydrogenated in 
microreactors. The starting feeds, products and catalysts 
of these experiments were characterized and the catalysts were 
tested for hydrodesulfurization and hydrogenation activities. 

Materials 

The catalyst used in these studies was Shell 324M with 12.4 wt % 
Mor 2.8 wt % Ni and 2.7 wt % P on an alumina support. The catalyst 
is in the form of extrudates measuring about 0.8 mm in diameter and 
4 mm in length. Prior to use, the catalyst was presulfided with a 
10 mol % H2S/H2 mixture at 4OOOC and atmospheric pressure for 2 
hours. The hydrotreater feed was obtained from the Wilsonville 
Advanced Coal Liquefaction R&D Facility’s run 247 which processed 
Illinois No. 6 bituminous coal. This hydrotreater feed was made up 
Of two process streams derived from the first stage thermal 
liquefaction unit. The two streams are identified by the number of 
the storage tank (V-178) and separator (T-102) from which they were 
obtained just before entering the hydrotreater. The V-178 process 
stream is lighter than the second process stream which consisted of 
the bottoms from T-102. Samples of each of these streams were used 
in this study. The feed to the hydrotreater at Wilsonville 
consisted of 35 wt % v-178 and 65 wt % T-102 bottoms. 

* This work supported by the U.S. Department of Energy at Sandia 
National Laboratories under Contract DE-AC04-76DP00789. 
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Apparatus and Procedures 

was used to separate v-178 into five boiling point fractions and to 
obtain boiling point information on the T-102 bottoms. 
Distillations were performed at 0.1 torr pressure. Boiling 
temperatures are reported as atmospheric pressure values. 

V-178 and T-102 bottoms comparable to the hydrotreater feed at 
Wilsonville, were each hydrotreated with presulfided catalyst in 40 
cc microreactors at 35OOC for 2 hours. The microreactors Were 
charged with 6 g of feed, 2 g of catalyst and 1200 psig of H2. 
All of the feeds, products and catalysts from these experiments 
were analyzed for carbon, hydrogen, nitrogen and sulfur contents. 
The catalysts were Soxhlet extracted with tetrahydrofuran prior to 
analysis or  activity testing. 

Both hydrodesulfurization (HDS) and hydrogenation activities 
were determined for the catalysts. HDS testing was performed at 
atmospheric pressure and 350°C using a fixed bed flow reactor with 
thiophene as the model compound. HDS activity was measured by 
conversion to n-butenes and n-butane as analyzed by gas 
chromatography. 

pyrene to dihydropyrene as has been previously reported.(j) 
testing was carried out in 26 cc microreactors at 3OOOC with 500 
psig H2 cold charge. 
ground to -200 mesh and whole extrudates enabled determination of 
the losses of both intrinsic and extrudate activities. 

A Perkin-Elmer 36" adiabatic spinning band distillation column 

Both process streams, the five distillate cuts, and a mixture of 

Hydrogenation activity was determined using the hydro enation of 
This 

Experiments performed on both catalyst 

RESULTS AND DISCUSSION 

Feed, Product and Catalyst Compositions 

Results of distilling the two process streams showed that 96.1 
wt % of the v-178 boiled below 8 5 0 O ~  whereas only 16.4 wt % of the 
T-102 bottoms boiled below 825'F. The initial boiling points of the 
V-178 and T-102 bottoms were 400°F and 72OOF respectively. The 
boiling point ranges and weight fractions of the five distillate 
cuts from the V-178 stream are given in Table 1, along with analyses 
on all the feed components. The most significant differences in 
elemental compositions between the v-178 and T-102 bottoms are the 
higher H/C ratio of the V-178 and the higher nitrogen content of the 
T-102 bottoms. The V-178 distillate fractions show decreasing H/C 
ratios with increasing boiling point. 

Results of analyses of the products from the hydrotreating 
experiments are also given in Table 1. All of the microreactor 
products showed higher hydrogen contents and decreased nitrogen 
contents compared to the starting feeds. The greatest increase in 
H/C ratio was 28% for the run with T-102 bottoms. Products from all 
other experiments also showed increased H/C ratios between 9 and 
14%. Hydrotreating a 35 wt % V-178 + 6 5  wt % T-102 bottoms mixture 
yielded an increase in hydrogen content that approximated that 
obtained by hydrotreating similar amounts of each stream 
separately. This indicates that the presence of the lower boiling 
process solvent did not improve T-102 bottoms hydrogen uptake. 

Table 2 .  These catalysts show an increasing carbon content with 
increasing boiling point of the feed processed. The nitrogen 

Analyses of the catalysts retrieved from these runs are given in 
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content is highest on the catalyst used to process T-102 bottoms 
although all of the catalysts have at least 0.40 Wt % nitrogen. All 
of the nitrogen removed from the V-178 feed was deposited on the 
catalyst whereas only 40% of the nitrogen removed from the T-102 
bottoms was found on the catalyst. Processing of the V-178 + T-102 
bottoms mixture yields a similar catalyst carbon content to 
processing the T-102 bottoms alone. 

Hydrodesulfurization Activity 

HDS activity testing results obtained for whole catalyst 
extrudates from the microreactor suns are given in Figure 1. The 
standard deviation for this testing procedure is + 2% absolute. 
Catalyst from the hydrotreating of the V-178 stresm shows a small 
but statistically significant decrease in HDS activity compared to 
fresh catalyst. Catalyst used to hydrotreat T-102 bottoms, however, 
shows a 46% decrease in thiophene conversion which is equivalent to 
losing %70% of fresh catalyst HDS activity. Catalysts used in 
microreactor runs with the -550OF and 550-650°F distillate cuts have 
the same HDS activity as fresh catalysts. HDS activities of 
catalysts from experiments with higher boiling point cuts decrease 
with increasing boiling point. Comparison of these results with the 
carbon deposition on the catalyst shows that catalyst carbon 
contents 2 1.58 wt % do not affect HDS activity. However, above 
this carbon content, HDS activity loss is proportional to carbon 
content. It is observed that the +850°F portion of the V-178 causes 
significantly less carbon buildup and HDS activity loss than 
obtained with the T-102 bottoms which contain 83.6 wt % +825OF 
material. 

Hydrogenation Activity 

previously, ( 4 )  relates catalyst extrudate activity remaining (F) 
to the intrinsic activity loss ( a ) .  Use of the relationship between 
F and a enables determination of the effective diffusivities of 
these catalysts. For catalyst from the run with V-178 feed, no 
significant decrease in effective diffusivity, as compared to fresh 
Catalyst (5 x lo6 cm2/sec/cm3) , was observed. However, 
catalysts from the run with the V-178 + T-102 bottoms mixture and 
from the run with only T-102 bottoms showed %70% decreases in 
effective diffusivity which are due to the higher carbon content of 
these catalysts. The relationship between F and a enables 
differentiation of two limiting modes of deactivation-- 
homogeneous and shell-progressive poisoning. ( 4 )  
a for the effects of carbonaceous deposits alone is shown in Figure 
2. Since the a values increase more rapidly than the F values, the 
dominant mode of deactivation is due to homogeneous poisoning. A 
smaller F value indicates higher deactivation so that deactivation 
increases with higher boiling point of the microreactor feed. The 
catalysts used to hydrotreat T-102 bottoms and the V-178 + T-102 
bottoms mixture have lost %EO% of their hydrogenation activity after 
only 2 hours in the batch microreactor runs. The +85OoF component 
Of the V-178 yields a 50% decrease in hydrogenation activity. The 
difference between the activities of the catalysts used to 
hydrotreat the +85OoF portion of the V-178 and the T-102 bottoms 
must be due to compositional differences between these high boiling 
point materials. 

A quantitative, mathematical expression, reported 

A plot of F vs 
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Comparison of the catalyst carbon contents in Table 2 with the F 
and a values in Figure 2 shows that the greatest changes in F and 
a as a function of carbon content occurred for the first sample with 
a carbon content of -1.25 wt %. Additional accumulation of carbon 
produces smaller changes of F and a. There appears to be no 
correlation between losses of hydrogenation activity ( o r  HDS 
activity) and nitrogen content of the catalyst. 

CONCLUSIONS 

Hydrotreating the high boiling materials for only 2 hours 
yielded up to %80% loss of hydrogenation activity and 7 0 %  loss of 
catalyst HDS activity. Combining a lighter solvent with the T-102 
bottoms did not have any impact on the extent of deactivation. 
These results show that, in order to extend catalyst life, it is 
necessary to either eliminate the high boiling material from the 
hydrotreater feed or change the feed to eliminate the harmful 
components of these high boiling materials. Current studies are 
aimed at identifying and separating different chemical classes of 
compounds in the high boiling fractions to determine their 
individual effects on catalyst activity. 
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T a b l e  2 .  Analyses o f  used ca t a lys t s  f r o m  microreactor 
runs reported a s  w e i g h t  p e r c e n t .  

F e e d  C a r b o n  Hydrogen N i t r o g e n  
35% V-178 + 1 1 . 4 2  1 . 4 6  0.57 

6 5 %  T-102 bot toms 

V-178 1 . 9 6  0 .82  
T-102 bottoms 1 1 . 7 1  1 . 4 4  

0 . 5 0  
0 . 6 1  

V-178 D i s t i l l a t e  C u t s  
-550OF 1 . 2 5  0 . 8 2  0.55 

550-650°F  1 . 5 8  0 . 8 4  0 . 4 7  
650-750'F 1 . 9 2  0 . 9 0  0 . 4 6  
750-850°F  2 .64  0 . 8 2  0 . 4 0  

+850°F  4 .20  0 . 9 3  0 . 4 9  

I 
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v' 
i 
L 

70 

60 

so 

4a 

so 

20 

10 

0 
Fresh V-178 T-102 -550-F 550-65O'F 650-75O'F 750-850°F +85O'F 
cata1yat  mttoms 

F i g u r e  1. HDS a c t i v i t y  o f  fresh catalyst  and c a t a l y s t s  from micro- 
reactor runs  with d i f f e r e n t  f e e d  c o m p o n e n t s .  
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Figure 2. F vs a for catalysts f r o m  microreactor experiments. Results 
shown for  carbonaceous deposits only.  
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c PHENOLIC -OH AS A PROCESS-PERFORMANCE INDICATOR 
I N  TWO-STAGE LIQUEFACTION 

C. A. Robbins. R. A. Winschel and F. P. Burke 

CONOCO INC. 
Coal Research Division 
4000 Brownsville Road 

Library, PA 15129 

ABSTRACT 

Phenolic -OH concentrations were measured for process oil samples taken 
throughout the  year-long Run 3LCF9 of t he  Lummus Integrated Two-Stage 
Liquefaction PDU, and a 25-day run of H R I ' s  bench scale Catalytic Two-Stage 
Liquefaction process unit. The phenolic -OH concentration of the  Lummus product 
resid responded to changes in catalyst age and space velocity. The phenolic -OH 
concentration of the HRI second-stage products also increased in response to 
catalyst age, the  only process variable during that run. These results 
demonstrate tha t  phenolic concentration is a sensitive indicator of coal liquefaction 
process performance. These data were obtained using a quantitative infrared 
spectroscopic method, applicable to  tetrahydrofuran-soluble coal liquids, which 
permits analysis of the  entire range of converted coal products. This analytical 
method is rapid, reproducible and accurate, and also provides qualitative 
information about the molecular s t ruc ture  of the phenolic components. 

INTRODUCTION 

The successful operation of a coal liquefaction process requires some means to 
monitor process performance a s  a function of time and changes in operating 
conditions. Operating history and material balance data a re  essential, but require 
substantial time for analysis, calculations and compilation. Alternatively, selective 
chemical characterization techniques can provide a great deal of process 
performance information within minutes after samples are obtained. A principal 
objective of our coal liquefaction research has been to develop rapid reproducible 
analytical methods for coal liquids characterization and process monitoring. 

Extensive application of these techniques has shown that the phenolic OH 
concentrations of coal liquids a re  very  useful in monitoring process performance. 
These data give evidence of approach to or achievement of steady-state operation. 
They provide information on the  extent of deoxygenation, which can be used to 
assess catalyst deactivation in a process such a s  two-stage liquefaction. Changes 
in phenol concentration can also result from changes in operating conditions. 
Phenolic OH concentrations supplement other data to provide a broad picture of 
process performance and product characteristics. 

This paper presents two applications of an infrared spectroscopic method for 
phenolic OH. 

RESULTS AND DISCUSSION 

Summary of Infrared Method 

In this method, the phenol concentration is determined from the  height of the  peak 
in the infrared spectrum produced by the  stretching vibration of the phenolic 0 - H  
bond in dilute tetrahydrofuran (THF) solution (Figure 1 ) .  The infrared spectra 
were obtained using a Nicolet Model 7199C Fourier transform infrared (FTIR) 
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instrument operated a t  a nominal resolution o f  4 cm-1 (data were collected every 2 
cm-'1. 

A software peak-picking rout ine was used to  locate the maximum in the phenolic 
OH stretch band found around 3300 cm-I. The baseline value used was the 
average absorbance over 3750-3650 cm-l. The net absorbance used for 
quantitation was the OH stretch peak absorbance minus the baseline absorbance. 
Measurements were limited to  the 0 . 3  - 1.0 net absorbance range. A linear least- 
squares fit of absorbance v s  (concentration x path length) fo r  standard solutions 
provided the calibration (extinction coefficient) f o r  phenols determination in actual 
samples. A detailed description o f  th is  method and i t s  verif ication by an 
independent 19F-NMR technique have been reported (1). 
Other methods fo r  the determination o f  phenols in coal l iquds (using nuclear 
magnetic resonance (NMR) spectrometry o r  infrared ( IR)  spectroscopy) have 
typically employed chloroform o r  methylene chloride as solvents for  analysis. 
However, because THF is  a much better solvent than these fo r  dissolving coal 
liquids. almost the ent i re sample from any liquid process stream becomes available 
t o  the analysis method, part icular ly if "THF solubles" is used t o  define converted 
coal products. A significant advantage of the IR technique is tha t  minimal sample 
preparation is required. In addition, because the instrument produces digitized 
data, the peak location and background and peak absorbances are determined auto- 
matically, greatly facil i tating the  analysis. Using this method, we can routinely 
complete 3-4 phenolic -OH determinations per hour, including sample preparation 
and clean-up. 

Possible common interferences to  determination o f  phenolic OH content by this 
method are water and amine groups (particularly pyrroles). Water in moderate 
amounts poses no part icular problem, and the question of interferences by  amines 
remains t o  be resolved and is an active area of our investigation. 

Based on t h e  model compound data, phenol concentrations are accurate to  kO.1 meq 
OHlg  sample (95% confidence) over the range o f  concentrations typical for coal 
l iquids. Reproducibil i ty fo r  resid samples was f0 .09  meq OHlg  sample for 
concentration and fl c m - l  for  frequency. 

Consistent calibration data f o r  quantitative analysis were obtained from a wide 
range o f  model compound phenols (Figure 21. This is necessary fo r  accurate 
quantitation. The frequencies o f  the  peaks varied somewhat from one model phenol 
t o  another, demonstrating a t rend  w i th  r i n g  condensation and with phenol aqueous 
acidi ty (Figure 3 ) .  The frequency observed for a particular phenol depends on 
the  0 -H  bond strength,  which is related t o  the chemical structure and is reflected 
in the acidity (as the aqueous dissociation constant). A low frequency results 
from a weaker 0-H bond (more acidic) as in the multiple-ring phenols. Ring 
condensation withdraws electrons, thus weakening the 0-H bond. Conversely, 
a lkyl  substituents donate electrons, producing a stronger 0-H bond, lower acidity, 
and higher infrared frequency. Thus, the  infrared frequency o f  the OH peak is 
roughly related to  ring condensation and alkyl  substitution. The model compound 
data indicate a single- v s  multiple-ring frequency cutof f  in the 3275-3300 cm-' 
region. Because of these observa?ions, we explored the potential utility o f  the 
frequency data to  provide qual i tat ive information on process samples. These 
resul ts are discussed below. 

Lummus ITSL Run 3LCF9 Process Description and Run Summary 

Run 3LCF9 was a year-long run o f  the Integrated Two-Stage Liquefaction ( ITSLI  
process a t  Lummusl 30 lblh PDU. The three major process uni ts are: 1)  plug 
flow, short contact time, f i r s t  stage (SCT un i t )  operated a t  830-865OF. 2 t o  10 
min, and 2000-2400 psig, 2)  an interstage antisolvent deashing unit (ASDA), and 
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3) an  expanded-bed catalytic hydrotreater second-stage (LC-Finer1 , operated at  
720-750°F, 2700 psig, and 0.6 - 1.8 Ibs feed/lb cat h. These three sub-units 
serve dist inct  functions. The SCT unit dissolves the  coal (-92% MAFI. the ASDA 
removes solids, and the LC-Finer converts resid t o  l ighter products, prepares a 
suitable donor solvent and removes heteroatoms from the net product. 

Run 3LCF9 was made with clean Burn ing  Star (I l l inois 61 coal and a single charge 
o f  f resh Shell 324M (Ni/Mo) catalyst. Major variables dur ing  the run were catalyst 
age, space velocity, temperature, and feed source. 

Dur ing  the f i rs t  th i rd  o f  Run 3LCF9, the PDU was operated as described above. 
Dur ing  the middle o f  the run the order of the ASDA and LC-Finer was inverted, 
i.e., the LC-Finer processed ash-containing feed and the LC-Finer product was 
deashed. Later in the run, the ASDA and LC-Finer were returned to  the i r  
original order and a partially back-mixed soaker reactor was added to the SCT 
unit. The soaker was operated at  a lower temperature (83OoF1 and pressure 
(1000-2000 psig) but longer residence time (10-15 min) than the SCT coil-only 
reactor, 

The discussion below describes characterization o f  the second-stage ( LC-Finer) 
operations in terms of the -OH concentrations of the THF-soluble 85OoFs feeds and 
products. A detailed description of Run 3LCF9 (4, 5, 6 )  and thorough analytical 
characterization results (1.7) have been reported- 

Phenol Concentration Response 

Figure 4 plots the chan e in phenolic concentration (feed minus product]  for the 
soluble resid s a m p d l T S L  Run 3LCF9 as a function o f  catalyst age: the 
greater the value, the greater the  reduction in phenolic functionality in the 
LC-Finer system. Phenolic concentrations ranged from 1.1 t o  1.6 meqlg for  the 
feed resids and from 0.4 to  1.6  meqlg fo r  the product resids. 

The general decrease in phenolic removal wi th catalyst age at  constant space 
velocity is apparent. It i s  also evident dur ing the parts o f  the  run operated with 
all variables held constant, such as those at  75OOF (early in the run)  and at  
780OF. 

The data around 600 and 1800 Ib 85O0F+llb cat show the clear effect of space 
velocity. Operation of the process at  lower space velocity increased phenol 
removal b y  decreasing the phenolic OH concentration in the products. Conversely, 
operation at higher space velocity decreased phenol removal by increasing t h e  
phenol content in the products. Al though temperature and feed source were also 
variables dur ing Run 3LCF9, the phenol concentrations in the products showed no 
obvious response to these changes. Thus, the phenol concentrations of Run 
3LCF9 products were sensitive to  catalyst age and space velocity, but not to  the  
other variables. 

In addition to showing response to  certain planned process variables, phenolic OH 
concentration is also sensitive t o  unplanned changes in conditions, as the following 
example shows. Three points between catalyst age 400-500 Ib  850°F+/lb cat show 
anomalously low phenol removals (Figure 41. For these three run periods, the  
product samples had unusually h igh  phenolic concentrations. These three were the  
earliest samples we received following a departure from planned operating 
conditions which was reported b y  Lummus (4.5). If frequent sampling and 
analysis were performed on a continuing basis during plant operations, such 
deviations from desired conditions might b e  recognized and corrected earlier. 

This represents deactivation of the catalyst's deoxygenation act iv i ty.  
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Phenol Frequency Response 

The phenol peak frequency was sensitive t o  catalyst age, but not to  the other 
variables (Figure 5).  These data show much less variation than the concentration 
data. The product resid peaks consistently occur a t  higher frequency than the 
feed resid peaks (product 3289-3306 cm- l  vs  feed 3282-3288 cm-I), in agreement 
w i t h  the structural  interpretation of the model compound frequency data. The 
upgraded product resids have a lower degree of ring condensation than the feed 
resids, hence the higher frequency o f  the product resid peaks. For the same 
reason, the disti l late phenol peaks occur a t  higher frequencies than the  peaks from 
the corresponding resids. In the present application, the  decrease o f  the product 
resid peak frequency w i th  increasing catalyst age is an indication of catalyst 
deactivation. Both the  concentration and frequency data indicate that  two stages 
of catalyst deactivation may be  present. A very  rapid deactivation for  the init ial 
pa r t  of the run is followed by a more gradual one fo r  the  remainder o f  the run. 

CTSL Run 227-20 Process Description and Run Summary 

HRI's catalytic two-stage liquefaction (CTSL) process consists of two catalytic 
ebullated-bed reactor stages fo r  coal hydrogenation and liquefaction. In the f i r s t  
stage, a coal s lu r r y  prepared from process-derived heavy recycle oil is treated 
w i t h  hydrogen a t  temperatures below EOOOF. These conditions are designed to 
hydrogenate the  coal matrix while maintaining the solvent donor quality. The low 
temperature minimizes dehydrogenation, cracking, polymerization, and condensation 
reactions. The first-stage products pass direct ly to  the second stage, where 
higher temperature hydrotreatment, liquefaction, and heteroatom removal take 
place. Atmospheric st i l l  bottoms, vacuum st i l l  overheads, and pressure f i l ter  
l iquid (PFL) from the  atmospheric s t i l l  bottoms are combined to make the recycle 
oil. 

Run 227-20 was conducted as a bench-scale demonstration of CTSL technology. 
Burning Star ( I l l inois 6) coal was processed at  constant conditions for  22 days 
af ter  a three-day s ta r tup  period. Operating conditions reported b y  HRI (8) are 
given below: 

A summary o f  CTSL development has been reported (SI. 

OPERATING CONDITIONS 
HRI CTSL Run 227-20 

Feed : Il l inois No. 6 Coal, Burn ing  Star Mine, -70 US mesh, 

Catalyst: 

First Stage Temperature - 750°F 
Second Stage Temperature - 825OF 
Unit  Back Pressure - 2500 psig 
D r y  Coal Space Velocity (each Stage), Ib Dry  Coal /h/ f t3 cat - 68 

2.511 SolventlCoal 
F i r s t  Stage - Amocat 1C (Ni/Mo) 
Second Stage - Amocat 1A (ColMo) 

Conoco received dai ly PFL samples from :he run and performed analyses on 
selected samples. The PFL represents the solids-free portion of the major second- 
stage product, which is recycled to the f i r s t  stage. The complete characterization 
data have been reported (1). 
Phenol Concentration Response 

Phenolic OH concentrations o f  850OF- disti l late and THF-soluble 85OoF+ resid 
samples from Run 227-20 are plotted in Figure 6 as a function o f  run day. There 
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is an init ial reduction in disti l late and resid phenolic OH content during the  three 
day  startup period, as the startup solvent was replaced by coal l iquids low in 
phenols, produced over the fresh catalyst. From day 4 to  day 25, as the catalyst 
aged, the phenol concentrations of the PFL disti l lates and resids increased as 
shown in Figure 6. 

The observation that these samples became more phenolic wi th time is consistent 
wi th HRl's process performance data which also show a decrease in catalyst 
act iv i ty wi th time (see below). 

CTSL RUN 227-20 PROCESS PERFORMANCE DATA (Reference 8) 

Period 5 10 15 19 24 
Avg  Cat Age, 

Ib Ljry Coal l lb Cat 216.3 441.3 664.3 844.2 1069.1 
975OF Conversion, w t  % MAF 86.9 83.6 82.2 80.6 77.2 
C4 - 975OF. W t  % MAF 72.3 68.0 67.2 65.4 62.6 
Organic Su l fu r  Removal, w t  % 98.0 96.6 94.6 
Nitrogen Removal, w t  % 79.2 66.5 56.4 

The increase in phenolic concentration represents deactivation o f  the catalyst's 
deoxygenation act iv i ty.  The deactivation exhibited by the distillate phenol data is 
highly linear w i th  catalyst age and showed no evidence o f  subsidence a t  the end o f  
the run. 

The increase in phenolic content of the 850°F+ resid samples was not linear (Figure 
6). There was a rapid increase in phenolic content up t o  about day 12 followed 
by a more gradual increase. This may indicate that  t h e  catalysts' in i t ia l  act iv i ty 
fo r  removal o f  phenols from the resid was substantially lost by  day 12. One would 
expect the resid molecules to be excluded from the active catalyst sites by pore 
mouth blockage before the distillate molecules would b e  excluded. The observed 
difference between the distillate and resid phenolic OH concentration response w i th  
time suggests tha t  the disti l late and resid fractions have di f ferent rates andlor 
mechanisms of deactivation toward deoxygenation. 

Phenol Frequency Response 

The phenol infrared peak frequency data from the disti l late and resid samples are 
plotted in Figure 7 as a function of run day. The distillate peaks were 
consistently observed at  higher frequency than the resid peaks. Th is  f i t s  the 
structural  model fo r  these data, wi th the distillates containing phenols o f  smaller 
ring size than the  resids. These frequencies decrease throughout the run, 
consistent w i t h  a continual catalyst deactivation. In contrast to  the concentration 
data, the frequency data do not show a trend reversal af ter  startup. The reason 
for th is i s  not clear, but the resul t  implies tha t  the concentration and frequency 
data are independent measurements, even through a h igh  peak frequency and low 
phenol concentration tend to correlate. It is probable that  the two concentration 
and frequency trends during startup ref lect  differences in the molecular 
composition of the  startup and process oils, and tha t  inventory replacement was 
complete by day 4, as the concentration data indicate. 

The distillate and resid frequency appear t o  follow curves o f  nearly identical 
shapes, in contrast to the concentration data. The interpretation o f  the frequency 
data is not completely straightforward, but fu tu re  application o f  the data may 
suggest a more meaningful interpretation o f  the results. 
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CONCLUSIONS 

Phenolic OH concentration can be a useful indicator o f  coal liquefaction process 
performance. Such data are sensitive to process variables such as catalyst age 
and space velocity, and to  changes dur ing  s ta r tup  and process upsets. The 
infrared spectroscopic method employed permits useful data to b e  obtained from 
residual oils, for which few analytical methods are available. Data from CTSL Run 
227-20 suggest tha t  disti l late and residual oils may have di f ferent rates andlor 
mechanisms for deactivation o f  the catalyst toward deoxygenation reactions. 

Use of t h e  in f ra red  frequency data provided b y  the method may give qualitative 
information about the  molecular structure o f  phenols present in each sample. 
Interpretation o f  these data may not be straightforward, but might be improved 
a f te r  broader application. 

Continued application of th is method to  liquefaction process monitoring should lead 
to a clearer p ic tu re  o f  changes dur ing specific process runs, and should aid in a 
general understanding of liquefaction chemistry, particularly in the heavier 
materials. 
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THE EFFECT ON PRODUCT YIELD STRUCTURE AND PRODUCT QUALITY 
I N  THE HYDROTREATMENT OF COAL DERIVED EXTRACT PRIOR TO 

DEASHING I N  A TWO-STAGE LIQUEFACTION PILOT PLANT OPERATION 

M. J.  Moniz, R. V. Nalitham 

Cata ly t i c ,  Inc., Wi lsonv i l le ,  AL 35186 

and T. W. Johnson 

Southern Company Services, Inc.. W i l  sonv i l le .  AL 35186 

INTRODUCTION 

A two-stage 1 i q u e f a c t i o n  (TSL) operat ion t y p i c a l l y  cons is ts  o f  the sequential 
processing o f  coal i n  three d i s t i n c t  steps. These are: a t h e n a l  l i q u e f a c t i o n  
f i r s t  stage, an i n t e r m e d i a t e  deashing step, fo l lowed by a second-stage hydro- 
t r e a t i n g  u n i t .  The TSL o p e r a t i o n  p r o v i d e s  f l e x i b i l i t y  i n  t h a t  a number o f  
process op t ions  are  possible, depending on the  sequencing o f  process uni ts,  and 
recycle o f  process streams (1. 2) .  T h i s  paper  p r o v i d e s  a comparison o f  t h e  
e f f e c t s  o f  resequencing process u n i t s  i n  a TSL operat ion on product y i e l d s  and 
product q u a l i t y  f o r  processing bi tuminous c o a l  ( I l l i n o i s  No. 6, Bu rn ing  S t a r  
Mine). 

The c o n f i g u r a t i o n  modes compared were the in tegra ted  TSL (ITSL) mode (Figure 1) 
and the reconf igured in tegra ted  TSL (RITSL) mode (Figure 2 ) .  I n  both modes, the 
r e a c t i o n  s tages a r e  coup led  by r e c y c l i n g  f u l l - r a n g e  hyd ro t rea ted  res id  and 
d i s t i l l a t e  so lvent  from the hydro t rea ter  t o  the  thennal l i q u e f a c t i o n  step. The 
RITSL mode d i f f e r s  f rom t h e  ITSL mode i n  t h a t  f o r  the  RITSL mode, the vacuum- 
f lashed product f rom the thermal stage i s  hydrotreated p r i o r  t o  being deashed. 

PRODUCT YIELD COMPARISON 

A wide range o f  thermal and hydrotreater reac t i on  cond i t ions  were inves t iga ted  
i n  the ITSL mode t o  determine t h e i r  e f f e c t s  on product y i e l d  s t ruc tu re  ( 3 ) .  For 
comparison purposes, Table 1 l i s t s  a t yp i ca l  se t  o f  RITSL cond i t ions  r e l a t i v e  t o  
th ree  se ts  o f  ITSL cond i t ions .  Thermal stage reac t i on  cond i t ions  are  comparable 
f o r  the  runs  l i s t e d  i n  Table 1. Ca ta l y t i c  stage reactor cond i t ions  f o r  ITSL-1 
are  f a i r l y  comparable t o  RITSL, w i t h  a 10°F h i g h e r  r e a c t o r  temperature f o r  
ITSL-1. A h igher  temperature o f  7 4 0 O F  was used a t  an extended c a t a l y s t  age f o r  
ITSL-2. I n  ITSL-3, ca ta l ys t  age was ma in ta ined  i n  t h e  1300-1400 l b  r e s i d / l b  
c a t a l y s t  range w i t h  c a t a l y s t  a d d i t i o n  and withdrawal, and space ve loc i t y  was 
decreased t o  0.75 l b  feed/ (h r * lb  ca ta l ys t ) .  

Fo r  a s i m i l a r  reac t ion  s e v e r i t y ,  RITSL i n d i c a t e s  a h i g h e r  d i s t i l l a t e  y i e l d ,  
accompanied by a s i g n i f i c a n t l y  h igher  hydrogen consumption. Hydrogen e f f i c i ency  
i s  hence lower fo r  RITSL as compared w i t h  ITSL. 

A t y p f c a l  sat  of  process u n i t  y i e l d s  i s  given i n  Table 2 f o r  the RITSL and ITSL 
modes. Gaseous hydrogen consumption was Comparable f o r  both modes i n  the  thennal 
stage, b u t  was s i g n i f i c a n t l y  h i g h e r  f o r  t h e  RITSL mode i n  t h e  hydrotreater 
stage, despi te a s l i g h t l y  l o w e r  h y d r o t r e a t e r  temperature employed f o r  RITSL 
mode. The thermal  u n i t  r e s i d  y i e l d  f o r  t h e  RITSL mode was higher than tha t  
t y p i c a l l y  observed f o r  the  ITSL mode, which may be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  
t h e  process s o l v e n t .  Resid convers ion  i n  the hydro t rea ter  was s i g n i f i c a n t l y  
h igher  f o r  t he  RITSL mode, r e s u l t i n g  i n  a h igher  d i s t i l l a t e  y i e l d .  The amount 
of organics re jec ted  w i th  the ash concentrate i n  the  CSD u n i t  was comparable for  
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both modes. The H/C atomic r a t i o  o f  the organics was h igher  f o r  the  RITSL mode, 
which imp l ies  a s l i g h t l y  h i g h e r  r e j e c t i o n ,  on an  energy b a s i s  f o r  t he  RITSL 
mode. 

The convers ion  o f  coa l  t o  c reso l  solubles i n  the  i nd i v idua l  process u n i t s  and 
fo r  the TSL system are shown i n  Table 3, f o r  the  ITSL and RITSL c o n f i g u r a t i o n  
modes. F o r  s im i la r  thermal u n i t  reac t ion  condi t ions,  observed coal  conversions 
f o r  t he  ITSL mode (92.5i1.1) were s i m i l a r  t o  t h e  RITSL mode (91.7f1.4). I n  
the ITSL mode, a s t a t i s t i c a l l y  s i g n i f i c a n t  increase i s  observed i n  unconver ted 
Coal y i e l d ,  i n  t h e  f r a c t i o n a t i o n  and deashing steps (-4.8*1.4), downstream o f  
the thermal reactor. I n  the  RITSL mode, conversion o f  coal  i n  the hydro t rea t ing  
u n i t  (0.7f1.51, and downstream o f  the reac t i on  stages (-1.4f0.9) i s  s t a t i s t i -  
c a l l y  i ns ign i f i can t .  Hence, f o r  s im i  l a r  thermal  u n i t  c o a l  convers ions,  t h e  
two-stage coa l  convers ion i s  higher f o r  RITSL mode as compared w i t h  ITSL mode. 
I n  both conf igura t ion  modes, there was pressure letdown, and absence o f  hydrogen 
atmosphere between r e a c t i o n  stages. I n  t h e  RITSL mode, t h e  cool-down and 
heat-up temperature cyc les  o f  t h e  l i q u e f a c t i o n  e x t r a c t  and t h e  hold-up t ime  
between stages i s  reduced i n  comparison t o  the  ITSL mode. The adverse e f f e c t  o f  
in te rs tage coo l ing  on regressive reac t ion  occurrence, l e a d i n g  t o  reduced coa l  
conve rs ion  and d i s t i l l a t e  y i e l d  has been reported (4).  Th is  i n te rs tage  process- 
i n g  d i f fe rence between conf igura t ion  modes may have reduced t h e  p o t e n t i a l  f o r  
r e g r e s s i v e  r e a c t i o n  occurrence f o r  t he  RITSL mode, e x p l a i n i n g  the  observed 
differences i n  ove ra l l  coal  conversion. 

PRODUCT QUALITY COMPARISON 

"Synthetic crude blends" were prepared f o r  the RITSL and ITSL product slates, by 
combining a l l  product streams i n  p ropor t ion  t o  t h e i r  respec t i ve  f l o w  r a t e s .  A 
comparison o f  t h e  e lementa l  con ten ts  f o r  var ious bo i l i ng -po in t  ranges o f  the  
crudes i s  shown i n  Table 4. 

A s l i g h t l y  l ower  naphtha y i e l d  bu t  a h igher  d i s t i l l a t e  y i e l d  was obtained f o r  
the  RITSL crude i n  comparison t o  the ITSL crude. The hydrogen c o n t e n t s  f o r  
comparable f rac t i ons  were much higher f o r  the  RITSL crude. Th is  r e s u l t  i s  t o  be 
expected because o f  the canparat ively h igher  hydrogen consumption observed f o r  
RITSL mode, f o r  s i m i l a r  hydrocarbon gas y i e l d .  The heteroatomic content i n  the 
product f rac t i ons  was a lso  lower f o r  t h e  RITSL crude, i n d i c a t i n g  an  o v e r a l l ,  
b e t t e r  q u a l i t y  product compared with the ITSL crude. 

CATALYST REQUIREMENT COMPARISON 

Batch d e a c t i v a t i o n  t rends  f o r  res id  conversion i n  the hydro t rea ter  were devel- 
oped f o r  the  RITSL and ITSL modes (1).  u s i n g  a f i r s t - o r d e r  r e s i d  convers ion  
model (5 ) .  The trends showed an i n i t i a l  per iod  o f  rap id  deact ivat ion,  fo l lowed 
by slower deac t iva t ion  rates, f o r  the deashed (ITSL) e x t r a c t  as we l l  a s  f o r  t h e  
nondeashed (RITSL) e x t r a c t .  The deac t iva t ion  ra tes  were comparatively higher 
f o r  the nondeashed ex t rac t .  However, the nondeashed r e s i d  was observed t o  be 
more r e a c t i v e  ( h i g h e r  r e s i d  convers ion  r a t e  cons tan ts )  as compared t o  the 
deashed resid,  over the range o f  ca ta l ys t  age invest igated. 

The ba tch  deac t iva t ion  data developed f o r  the deashed and nondeashed bituminous 
runs may be used t o  est imate ca ta l ys t  requirements i n  a s teady-state,  c a t a l y s t  
add i t i on /w i thd rawa l  ope ra t i on .  The e q u i l i b r i u m  a c t i v i t y  i s  computed by com- 
b in ing  the  equ i l i b r i um c a t a l y s t  residence time d i s t r i b u t i o n  (RTD) f u n c t i o n  and 
the a c t i v i t y  func t ion  as shown below: 

1) 
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The RTD function for  a continuous, st irred-tank, recycle reactor (6), i s  given 
as:  

RTD(t) = 1 e-t/t 

where f. = ca ta lys t  hold-up/catalyst addition rate.  

Integration of Equation 1 fo r  a batch ca ta lys t  ac t iv i ty  function has been 
reported ( 7 ) .  

The projected ca t a lys t  requirement for  deashed and nondeashed bituminous 
extracts fo r  steady-state operation i s  shown in Figure 3. 
ment i s  projected f o r  a fixed level of resid conversion and for  similar reactor 
space ra tes .  Owing t o  a higher resid reac t iv i ty ,  the catalxst  requirement for 
the nondeashed ex t r ac t ,  in the temperature range of 680-730 F ,  i s  projected t o  
be lower t h a n  the ca ta lys t  requirement for  the deashed ex t rac t .  

The catalyst  require- 

CONCLUSIONS 

Significant changes were observed in product yields and product quali ty by 
hydrotreating coal derived extract  prior t o  the deashing step. A t  approximately 
comparable reaction conditions, overall coal conversion and hydrotreater resid 
conversion were h i g h e r  fo r  the RITSL mode. 
panied by a s ign i f icant ly  higher hydrogen consumption was reported fo r  the RITSL 
mode, yielding product fractions of higher hydrogen and lower heteroatomic 
content, as compared t o  the ITSL mode. For a fixed level of resid conversion 
and for similar reactor space ra tes ,  ca ta lys t  requirement i s  projected from 
batch deactivation trends to  be lower for  the nondeashed extract  (RITSL) mode. 
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Table 1 

Two-Stage Reaction Conditions and Yields for  RITSL and ITSL Modes 

Mode 
Catalyst Operating Mode 

RITSL ITSL-1 ITSL-2 ITSL-3 
Batch Batch Batch Addition/ 

Withdrawal 

Thermal Sta e 
d r a t u r e  (OF) 
In le t  hydrogen par t ia l  pressure (psi) 
Coal space velocity [(lb/hr-ft3(>70OoF)] 27 28 28 26 

810 810 810 810 
2160 2040 2040 2040 

Catal t i c  Sta e 
T G X h G & t u r e  (OF) 
Space velocity ( l b  feed/hr-lb ca t )  

710 720 740 720 
0.9 1.0 1.0 0.75 

Catalyst Age ( l b  resid/lb c a t )  445-670* 350-400 1200-1350 1300-1400** 

Two-Stage Yieldm(% MAF Coal) 
tl-C3 Gas 
C4+ Dis t i l l a te  
Resid 
Hydrogen Consumption 

Hydrogen Efficiency 
( l b  Cq+Oist/lb Hp Cons.) 

6 7 6 6 
62 59 57 61 

3 4 7 3 
-6.1 -5.3 -5.4 -5.6 

10.2 11.1 10.6 10.8 

* Resid contains unconverted coal and coal ash components. 
** Average ca ta lys t  age: ca ta lys t  addition/withdrawal rate of 1.0 lb/ton (MF) coal 

employed. 
*t* Elementally balanced y ie ld  structure. 
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Table 2 

Process Unit Y i e l d s  f o r  RITSL and ITSL Modes 

Mode RITSL ITSL 

Thermal U n i t  Y i e l d  (% MAF Coal 
C4+ D i s t i l l a t e  
Res id  
Hydrogen Consumption 

H y d r o t r e a t e r  U n i t  Y i e l d  ( X  MAF Coal )  
C4+ D i s t i l l a t e  
Hydrogen Consumption 

CSD U n i t  ( X  MAF C o a l )  
'0 rgan ic  R e j e c t i o n  with M i n e r a l  Ash 
[Atomic ( H K )  o f  R e j e c t e d  Organics]  

27.0 
50.0 
-1.7 

35.0 
-4.4 

34.1 
46.5 
-1.5 

24.9 
-3.8 

19.6 21 .o 
0.68 0.75 

Table 3 

E f f e c t  o f  C o n f i g u r a t i o n  Mode on Coal  Conversion* 

Thermal Stage C a t a l y t i c  Stage CSD Unit Two-Stage 
Mode Convers ion  Convers ion "Convers ion"  Conversion** 

ITSL 92.5f1.1 -4.8fl.4 87.7fl. 3 

RITSL 91.7fl.4 0.7f1.5 -1.4f0.9 91 .Of0.8 

* Conversion of Coal t o  Creso l  Solub les.  
** Two-Stage Convers ion  = Sum o f  Process U n i t  Conversions. 
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Table 4 

Product Quality Comparison f o r  RITSL and ITSL "Synthetic Crudes" 
\ 

W t  % of Elemental ( W t  %) 
D i s t i l l a t i o n  C u t  Crude C H U S 0 ( d i f f )  

ITSL* 
m t h a  ( IBP-360°F) 18.4 85.21 12.86 845 ppm 0.36 1.50 
D i s t i l l a t e  (36OoF-65O0F) 45.7 86.34 10.73 0.23 0.22 2.48 
Gas Oil  (650"F-1000"F) 35.0 89.07 9.69 0.31 0.16 0.76 
Resid (1000°F) 0.9 86.71 6.94 1.13 0.60 3.15 

RITSL** 
l G $ T h a  ( IBP-360°F) 14.9 85.50 14.07 500 ppm 0.35 0.03 
Di sti 1 l a t e  (36OoF-65O0F) 49.8 86.74 11.54 0.23 0.16 1.33 
Gas Oil (65O0F-10OO0F) 35.3 89.48 10.44 0.06 0.02 - 

*Samples obtained w i t h  hydro t r ea t e r  temperature of 73OoF; c a t a l y s t  age of 

**Samples obtained w i t h  hydro t r ea t e r  temperature of 700°F; c a t a l y s t  age of 
approximately 1,400 l b  r e s i d / l b  c a t a l y s t .  

approximately 350 1 b r e s i d / l b  c a t a l y s t .  
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PROCESS-OI L CHARACTERISTICS 
I N  INTEGRATED TWO-STAGE LIQUEFACTION ( ITSL) :  

COMPARISON OF PDU AND PILOT-PLANT OPERATIONS WITH BITUMINOUS COAL 

R. A. Winschel and F. P. Bu rke  

CONOCO INC. 
Coal Research Division 
4000 Brownsvi l le Road 

L ibrary ,  PA 15129 

ABSTRACT 

Recycle and other  process oi ls taken during Integrated Two-Stage Liquefaction 
( ITSL]  operations o f  Lummus' 30 lblh process development unit (PDU) and the 
Wilsonville, AL, p i lo t  p lant  (200 I b l h )  were analyzed to  compare the two ITSL 
operations. Samples were obtained from Lummus PDU Runs 3LCF7 (Indiana 5 
coal), 3LCF8 and 3LCF9 ( I l l ino is  6 coal), and Wilsonville p i lo t  plant Run 242 
(I l l inois 6 coal). T h e  process oils from p i lo t  plant Run 242 are significantly 
d i f ferent  from the corresponding process oils from the Lummus PDU, although both 
were ITSL operations. Much o f  t he  dif ference may be ascribed to  differences 
between the f irst-stage (thermal) severities and the selectivities o f  the deashing 
operations. Characteristics o f  t h e  start-up solvents may also have influenced this 
comparison. Laboratory experiments showed that the second-stage residual feed to 
p i lo t  plant run 242 was signif icantly less reactive toward conversion to distillate 
than the corresponding material from PDU Run 3LCF9 at  thermalldonor. i.e., 
non-catalytic conditions, consistent w i th  the process o i l  analysis. 

INTRODUCTION 

Wilsonville Run 242 is general ly considered to  have successfully demonstrated a 
scale-up of the Integrated Two-Stage Liquefaction ( ITSL)  process from the 0.35 
ton lday process development unit (PDU) scale as operated b y  the Lummus Co. to 
the 2.5 ton lday p i lo t  p lant  scale. The PDU and p i lo t  plant have similar, though 
not identical, configurations. Two major differences are the  interstage deasher 
and the second-stage hydrot reater .  Lummus uses antisolvent deashing (ASDA) 
and a three-reactor t r a i n  LC-Finer unit. Wilsonville uses cr i t ica l  solvent deashing 
(CSD) and a single-reactor H-Oil unit. 

Many direct comparisons of t he  performances o f  the p i lo t  plant and PDU cannot be 
made because of the lack o f  a uniform analytical scheme. Most notably, the 
dist i l lat ion used to determine "resid" d i f fe rs  between the two operations; Wilsonville 
uses a 975OF (1) end point and Lummus uses an 85OOF end point (2). Such 
parameters as resid space velocity and resid conversion, therefore; are not 
uniformly determined a t  the two plants. One of our  objectives in th is  work was 
t o  analyze a large su i te  o f  comparable samples from the two plants, using an 
identical analytical scheme, to  permit d i rect  comparisons o f  process-oil 
characteristics and other  der ived parameters. 

We analyzed several hundred samples of recycle oils and other process streams 
from Lummus Runs 3LCF7, 3LCF8 and 3LCF9 and dai ly  process-oil samples from 
Wilsonville Run 242. In each case, t he  catalyst was Shell 324M (NilMo on alumina) 
and the feed coal was Burn ing  Star mine I l l inois 6 [Run 3LCF7 used Indiana 51. 
The large number o f  samples studied has enabled us to  describe "typicalt t  
compositions, t o  d iscern effects of process variables and t o  describe long-term 
trends. This  paper presents a comparison o f  the Wilsonville and Lummus ITSL 
results based on o u r  analysis o f  process-oil samples. 
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The  set o f  Wilsonville Run 242 samples we obtained included 121 samples Of V-1064 
(second-stage feed), V-1067 (second-stage flashed bottoms product, recycle t o  
f i r s t  stage), 1-102 bottoms (f irst-stage product  vacuum bottoms, feed to  CSD) , 
and V-178 (f irst-stage heavy dist i l late product, second-stage dist i l late feed). 
Run 242 was two months long. Runs 3LCF7 and 3LCF9 were each nearly one year 
long. Run 3LCF8 was f i ve  months long. Analyses included distillation, solvent 
fractionation, 

Th is  paper wil l  demonstrate f i r s t  t ha t  the characteristics o f  the process oils from 
Wilsonville Run 242 were relat ively constant, then that  the oils dif fered 
signif icantly from those produced in the  PDU. Causes o f  these differences wil l  be  
suggested. Finally, the results o f  a set of batch experiments wil l  be presenteg 
tha t  demonstrate an inherent dif ference in "thermal" reactivities of the 85OOF 
resids from the two operations. 

Complete descriptions o f  the subject liquefaction runs  have been published: 
Wilsonville Run 242 ( l ) ,  and Lummus Runs 3LCF9 (2,3), 3LCF8 (2) and 3LCF7 (2). 
Our  complete analytical data have also been r e p o r t e m n  References 4, 5, 6 and-7, 
respectively. 

H-NMR, phenolic determinations and microautoclave extractions. 

DISCUSSION 

RUN 242 - PROCESS OIL CHARACTERISTICS RELATIVELY CONSTANT 

Resid Content in Process Oils Increased Slightly w i th  Time 

The 85OoF+ resid content o f  both the feed and product  of the hydrot reater  
generally increased as Run 242 progressed. There were three periods o f  
relat ively constant resid content as shown below: 

Date, 1982-83 

12/03 - 12/16 
12/18 - 12/29 
01/07 - 01/21 

k't % 850°F' in Sample, Average 
V-1064 V-1067 

57.4 
63.6 
66.6 

51.8 
58.5 
60.1 

The  step increase in resid content on 12/17 was an intentional change made b y  the 
p lant  operators to  reduce resid inventory  (1). 
Distillate Composition Nearly Constant - Run 242 

Though the absolute amount of dist i l late in I b s / h r  and the proport ion o f  dist i l late 
in any stream d i d  change w i th  time in Run 242, the compositions of the 85OOF 
process oil distillates were remarkably steady af ter  11 l28l82. The proton 
distr ibutions of the V-1064 and V-1067 distillates and the V-178 samples showed 
l i t t le  change over the course o f  the run;  in fact, the calculated standard 
deviations approach our experimental reproducibi l i ty (8). Th is  indicates 1 ) t ha t  
t he  hydrogen content o f  these dist i l lates i s  nearly constant, and 2) that  the 
donor-solvent qual i ty of the dist i l lates is also nearly constant. Th is  was confirmed 
by the donor solvent qual i ty  as measured b y  microautoclave tests, which was 
nearly constant fo r  each t ype  o f  process o i l  tested. 

Resid Composition Fair ly Constant 

A s  noted above, the res id  content in the various process streams increased in a 
step-wise fashion with time in Run 242. However, the compositions o f  the f i rs t -  
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stage product resid (T-102 bottoms) and the second-stage feed resid (V-1064) 
were fair ly constant as measured by solvent fractionation. The scatter in the 
solvent fractionation data f o r  these samples was certainly greater than experimental 
uncertainty, but there is no  obvious t rend  to the data.(!) The proton d is t r i -  
butions of the samples from these two streams may show some increase in 
aromaticities as the run progressed.(4) This  may be a resul t  of the recycle of 
hydrotreater product  which showed a-relatively large increase in aromaticity w i th  
time, as discussed below. 

As wi th  the  hydrot reater  feed resids, the HTR product  res id  (V-1067) compositions 
showed no  t rend as measured by solvent fractionation data. However, the 
aromaticity o f  t he  H T R  product  resid increased from about 18 to 25% over the 
course of the run. Th is  indicates decreasing hydrogenation o f  the resids which 
may result par t ia l ly  from the increasing hydrot reater  temperature. Higher 
temperature is thermodynamically unfavorable to  hydrogenation. It appears l ikely 
tha t  there was an  addit ional cause, perhaps catalyst deactivation, because the 
decrease was fa i r l y  continuous whereas temperatures were increased in steps. 

EFFECT OF CSD ON RESID COMPOSITION 

In Run 242 the CSD unit removed solids from t h e  first-stage product resid to 
prepare the second-stage feed resid. The T-102 bottoms (pi lot plant dist i l led 
first-stage product  res id)  are about 89% THF soluble and contain nearly equal 
levels of IOM and ash. Af ter  CSD processing, the IOM and ash levels are 
generally reduced t o  well below 0.5% o f  the non-distillate second-stage feed. 
Other than removing solids, the CSD unit also tends to selectively reject t he  pre- 
asphaltenes fract ion o f  the soluble resid. Th is  i s  clearly seen b y  comparing t h e  
compositions of the second-stage feed soluble res id  and the first-stage product 
soluble resid which a r e  summarized below: 

Average w t  % o f  THF-Soluble Resid 
Res id  Sample - Oils Asphaltenes Preasphaltenes 

First-stage product (T-102 Bottoms) 51 22 
Second-stage feed (V-1067) 56 25 

2 7 .  ,> 19 

Th is  selective fract ionation o f  the res id  may well b e  important t o  the performance 
o f  t he  second stage. 

LUMMUS AND RUN 242 PROCESS OILS VERY DIFFERENT 

It was demonstrated above that many Run 242 process-oil characteristics were 
relatively invariant over  the  course o f  the run. This  is not usually the case in 
the Lummus PDU runs.  Tha t  plant has been used t o  investigate a large number of 
variables. Commonly, seven or more f irst-stage "runs1' and perhaps ten deasher 
" runs"  are made fo r  eva ry  second-stage "run". Also, modes o f  recycle are some- 
times changed. Consequently, the compositions of the process oils undergo 
discontinuous changes. 

Soinlo of the tex t  t h a t  follows presents comparisons of data from Run 242 and 
various Lummus PDU runs. Complete data are available in our  repor ts  on 
Wilsonville Run 242 (4) and Lummus Runs 3LCF7 ( 7 ) .  3LCF8 ( 6 )  and 3LCF9 ( 5 ) .  
For the  sake o f  b revRy ,  many comparisons wil l  be sade based On average values. 
Because averages are not always meaningful without knowledge o f  t he  d is t r ibut ion 
of t he  individual data, we have included standard deviations and sometimes a range 
of data for many of t h e  averages. 
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Resid Quality in Run 242 Superior t o  Lummus Runs/Deashing Differences 

One major difference between the  pract ice o f  I T S L  at  the PDU (Lummus) and 
t h e  pi lot  p lant  (Wilsonville) is t h e  interstage deashing process. The  c r i -  
t ical solvent deashing (CSD) process employed a t  Wilsonville selectively 
rejects a por t ion  o f  t he  preasphaltene fract ion of the soluble resid as 
demonstrated above. On  the  other hand, o u r  analyses of twenty-six Lummus 
antisolvent deasher (ASDA) runs  w i th  bituminous coal products demonstrated no  
consistent fractionation o f  the  THF-soluble res id  ( 5 ,  6, 71. This is  certainly one 
reason (ou t  o f  perhaps several) that  the second stagefeed resid contained fewer 
preasphaltenes in Run 242 than in typical Lummus operations. Since resid i s  
recycled around the  en t i re  integrated process, each resid stream from Run 242 had 
relatively fewer preasphaltenes than the  correspondong resid sample f rom Lummus 
runs. As a general rule, preasphaltenes are less hydrogenated than benzene sol- 
ubles. A s  expected, therefore, Run  242 resids were lower in aromaticity than 
typical  Lummus resids. 

Average Value f Std Dev 
Soluble w t  x 

Resid Sample Run # Preasphaltenes H-Aromaticity , X 

Second-stage feed 242 19 f 2 
3LCF7 43 f 4 
3LCF8 36 f 5 
3LCF9 35 f 5 

Second-stage product 242 13 f 3 
3LCF7 28 f 6 
3LCFS 23 f 6 
3LCF9 22 f 4 

34 f 2 

44 * 3 
47 f 3 

22 f 3 

30 f 5 
37 t 6 

For both units, t he  resids are upgraded, i.e., preasphaltenes and aromaticity are 
reduced, in the second stage. However, these data also demonstrate the  signi- 
f icant difference in resid compositions for  Run 242 and the Lummus runs. 
Both aromaticities and preasphaltene contents differ from one unit t o  the  other by 
a t  least two standard deviations. Th is  may have a significant bear ing on  process 
performance, e:g., second-stage conversion. It i s  expected that preasphaltenes 
may react kinetically d i f fe ren t ly  than asphaltenes and residual oils and may requi re 
more hydrogen and produce more hetero-gases upon upgrading t o  equivalent 
products. Additionally, resids o f  d i f fe ren t  solubi l i ty  characteristics and hydrogen 
contents may deactivate the  catalyst a t  d i f fe ren t  rates. 

In Run  242, the CSD unit consistently reduced the  solids (IOM and ash) concen- 
t ra t ion  in the second-stage feed t o  less than 0.5% (4). The Lummus runs  al l  
operated on feeds containing significant levels of solids (IOM plus ash) as shown 
below. 

Sol ids Concentration i n  Second-Stage Feed 
w t  i, Average (Range) ITSL Run No. 

242 
3LCF7 
3LCF8 
3LCF9; deashed 
3LCF9; non-deashed 

0.1 (cO.1 - 0.6) 
8 ( 1  - 17) 
8 (1 - 11) 

12 (5 - 17) 
5 (1 - 12) 
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These solids are typ ica l ly  composed o f  two pa r t s  IOM and one p a r t  ash. The h igh 
solids contents in the  Lummus feeds resul t  from periods dur ing which t h e  deasher 
was no t  operating a t  full efficiency o r  was bypassed. Once the solids entered the  
feed tank, they purged out slowly. 

Solids concentration may also have signif icant bearing on process performance, 
both mechanically (e.g., deposits, erosion o r  viscosity problems) and chemically 
(e.g., second-stage conversion). Metals may deposit on catalyst surfaces and 
cause deactivation. 

Process Streams Contain More Resid in Run 242 than in Lummus Runs 

The hydrotreater feed in Run 242 contained a somewhat greater resid (lower 
dist i l late) concentration than fo r  . typ ica l  Lummus second-stage feeds as shown 
below. 

Run No. 

242 
3LCF7 
3LCF8 
3LCF9 

850°Ft Content 
of Second-Stage Feed, 

w t  %, range 

57 - 67 
52 - 75 
50 - 6 1  
45 - 63 

As discussed earlier, t he  Run 242 85OoF+ resids were essentially ash-free whereas 
the Lummus resids contained significant amounts o f  ash. Therefore, the difference 
in ash-free resid content is even greater than shown in the above table. 

Distillate Process Oi l  Comparison 

The following table compares the compositions o f  the second-stage 85OOF- distillates 
from Run 242 and from several Lummus ITSL runs  in terms o f  proton distr ibutions 
and microautoclave extractions. The microautoclave tests were all performed at  our  
modified equil ibrium conditions which are designed such that donor concentration is 
the limiting factor in coal conversion (7). 

Average Value 
Microautocl ave 

Conversion 
ut 4. 

850°F- Sample 

.. - ” 
H Aromatici ty C c l i c  MAF Coal 

Run % (Range) - + Std Oev 

Second-stage feed 242 17.4 117-20) 0.64 70 + 1 . ~ _  

3LCF7 40.2 (31-5Oj 0.98 - 
3LCF8 40.8 (35-48) 1.07 78 7 
3LCF9 38.3 (34-47) 1.04 83 f 6 

Second-stage product 242 11.3 (10-12) 0.68 83 f 1 
3LCF7 17.3 (11-281 0.98 - . - - - - . . - - 
3LCF8 i8IO 17-2Oj 1.07 90 i 2 
3LCF9 22.9 118-33) 1.01 89 i 2 

Aromaticity relates inversely to  hydrogen content. The rat io of cycl ic to  alkyl 
aliphatic protons a t  constant aromaticity correlates wi th  donor solvent qual i ty  (91 
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and relates inversely t o  para f f in  content. The  increase in hydrogen content 
(decreased aromaticity) and donor solvent qual i ty between t h e  second-stage feed 
and product disti l lates is  evident fo r  al l  these runs. However, t he  Run 242 
disti l lates are s igni f icant ly d i f fe ren t  from those produced in t h e  Lummus PDU. 
Although the  compositions o f  the  Lummus disti l lates spanned a fa i r l y  broad range, 
the  Wilsonville disti l late compositions were considerably outside tha t  range. 

A GC/MS investigation of these oils revealed tha t  the  Run 242 disti l lates are much 
more complex because o f  extensive a lky l  subst i tut ion on aromatic r i ngs  and  contain 
considerably greater concentrations o f  paraf f ins relative t o  most Lummus samples 
from equivalent process streams. Th is  is  consistent w i th  the  lH-NMR and micro- 
autoclave data. The Run 242 disti l lates are more highly hydrogenated but a lower 
proportion o f  t he  hydrogen is  found in the  desirable hydroaromatic form. 

Elemental analyses obtained a t  Lummus and supplied by Mr.  M. Peluso conf i rm the 
difference in hydrogen content fo r  various ASTM D-1160 boi l ing cuts:  

\ 

5 

H/C Atomic Rat io 
Run 242 

Bo i l i ng  Fract ion 

500 x 650'F 
650 x 850°F 
850" Ft 

3LCF9 
Product 

1.40 
1.16 
0.86 

V-1067 
12/10/82 

1.50 
1.38 
1.04 

One potential cause o f  t he  observed differences in disti l late oils i s  the  ef fect  o f  the 
di f ferent start-up oils used in the  Wilsonville and Lummus programs. Lummus uses 
creosote oi l lhydrogenated creosote oi l  as a start-up solvent. Run  242 used solvent 
produced from p r io r  runs  (1  1. Hydrogenated creosote oi l  i s  re lat ively aromatic, 
non-alkylated and non-paraffinic compared to  most coal l iquids and is  a n  excellent 
donor solvent. A n  exhaustively recycled oi l  might be expected t o  b e  relatively 
paraf f in ic and alkylated (9). The solvents f rom each plant appear to  retain 
certain characteristics o f  t f ie i r  respective start-up oils long a f te r  start-up. This  
could indicate inef f ic ient  solvent turn-over o r  perhaps it could be  an  example o f  
multiple steady states (10). 
RUN 242 - GREATER SCT SEVERITY AND COAL CONVERSION THAN LUMMUS 
RUNS - 
First-stage conversions o f  coal to THF solubles, calculated based on analyses o f  
T-102 bottoms samples, average 91 +1% fo r  the samples from Run 242. This  i s  in 
excellent agreement w i th  the  conversions t o  cresol solubles during "special product 
work-up periods" reported by Catalytic, Inc., which also averaged 91% (1). Each 
of the periods discussed above was operated a t  86OOF and 2400 ps ig  rnominal). 
The  SCT unit o f  the  Lummus plant has been operated at  conditions as mild as 
83OOF and 2000 psig, but has also been operated a t  the more severe conditions for 
a large pa r t  o f  t he  PDU program. T H F  conversions for those periods (850-860OF 
and 2400 psig), determined by Conoco, averaged 87% (7)  for  Runs SCT l4  through 
SCT2l and 88% ( 7 )  for  Runs 2SCT3 through 2SCT6.- Lower sever i ty conditions 
resulted in even lower coal conversions (5). Quinoline conversions, determined by 
Lummus, were typical ly 92% f o r  the  same periods ( 2 ) .  The greater f irst-stage 
conversion o f  coal t o  THF solubles, comparing Conocch data f o r  Run 242 and the 
PDU, is consistent w i th  the  greater SCT disti l late y ie ld reported by Rao, e t  al. 
(11) for Run 242 relative t o  the Lummus PDU and may ref lect  a greater SCT 
reaction sever i ty during Run 242. The Lummus system has operated a t  coal space 
rates as low as 82 Ibs /h r - f t 3  (2SCT15-1014) but is  more typical ly operated a t  coal 
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space rates o f  between 110 and 190 Ibs lhr - f t ' .  Run 242 was consistently operated 
a t  about 92 I b s l h r - f t 3  based o n  reactor volume and at  about 44 Ibs/hr.f t3 when 
the volume o f  the heated t ransfer  l ine is  included. The more severe first-stage 
conditions present during Run 242 as compared to  typical PDU runs  would be 
expected to  af fect  SCT yields, thus changing the composition o f  t he  second-stage 
feed. 

SECOND-STAGE CONVERSIONS AND CONVERSIONS ACTIVITIES 

85OOF' conversions during Run 242 were calculated based on Conoco's analyses as 
detailed in Reference 4. Average 85OoF+ conversions changed over the course of 
Run 242 in the following manner: 

Catalyst Age 850°F' Conversion, 
Date, 1982-83 l b s  SRC/lb Cat T, O F  % Average 

12/01 - 12/14 72 - 204 679 - 685 13 
12/15 - 12/17 216 - 242 699 - 704 16 
12/18 - 01/04 253 - 467 718 - 721 16 
01/08 - 01/21 520 - 685 145 - 750 21 

It should be noted tha t  these values average 5-7 absolute percentage points lower 
than the SRC conversions reported b y  Catalytic, Inc., (1) because o f  the d i f f G S  
dist i l lat ion procedures used (4). 
A t  t h e  end o f  Run 242, catalyst age was 500-700 Ibs SRCllb cat, H,. partial 
pressure was 2500 psig, temperatqre was 75OOF. the overall space yelocity was 
1 Ib feed/lb c a t - h r  and the  85OOF space velocity was 0.6 Ibs 85OOF / l b  cat -hr  
A t  similar second-stage conditions the Lummus PDU typical ly obtains 30-35% 85OOF' 
conversion. The  comparison shown below is based on Conoco data. 

850°F' Conversion % 
Average - Run Period C a t  Age T. OF i Std Dev 

24 2 1/8 - 1/21 520 - 685 745 - -750 21 +_ 3 
3LCF7 58 - 85 527 - 930 749 - 759 34 i 3 
3LCF8 27 - 49 299 - 526 732 - 751 33 + 2 
3LCF9 0826 - 0122 697 - 1474 723 - 756 28 i 6 

T h e  catalyst age un i t s  above are Ib SRCllb cat for  Run 242 and Ib 850OF'IIb cat 
for the Lummus runs.  The Run 242 catalyst age values should be increased by 
about 13% for an equal catalyst age comparison because o f  the dif ference in resid 
determinations (4). The  closest comparison shown above in terms o f  catalyst age 
and  temperature-is f o r  Runs 242 and 3LCF7. In that comparison, the average 
85OoF+ conversion fo r  Run 3LCF7 is four  standard deviations greater than that for 
Run  242. Run 3LCF7 was made wi th  a dif ferent I l l inois tas in  coal (indiana 5, Old 
Ben No. 1). Runs 242,  3LCF8 and 3LCF9 were al l  made with I l l inois 6, Burning 
Star  coal. Even though the data fo r  Runs 3LCF8 and 9 shown above were 
obtaiyed at  generally lower temperatures than the data for  Run 242, average 
85OOF conversions a r e  greater for  the Lummus runs. Clearly the second-stage 
85OoF+ conversion in Run  242 was lower than in typical Lummus runs  a t  operating 
conditions (T, S.V., catalyst age, pressure, catalyst type, coal) that  were 
ostensibly similar. 

F i r s t  order kinetic ra te  constanp ( k )  and pre-exponential factors ( A )  were 
calculated for second-stage 85OOF conversion fo r  Runs 242 (4) and 3LCF9 (5 )  
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based on Conocots analyses. Lummus uses an activation energy o f  23.500 callmol 
for 85OoF+ conversion in the  second stage (2). If it is assumed, for  the sake of 
argument, that the activation energy is  i h e  same in the Wilsonville system, 
pre-exponential factors can be  calculated to compare the res id  conversion activi t ies 
of the two systems. The  data for  Run 242 are compared to  the data ,from Run 
3LCF9 in Figure 1. It should be noted that the catalyst age un i t s  in Figure 1 are 
consistent. The catalyst ages o f  the Run 242 data, which were obtained from the 
repor t  b y  Catalytic, Inc., (1) were increased by 13% t o  put them on a basis 
equivalent to  the R y n  3LCF9 data, i.e., on a Ibs 850°F+/lb cat basis. As  shown 
in Figure 1, 85OOF conversion act iv i ty  decreased wi th  time for  both runs as 
measured by the f i rs t -order  pre-exponential factor. The data for  Run 242 are 
consistently lower than the  Run 3LCF9 data indicating that  wi th in  the limits of the 
assumptions used in th is  model, 85OoF+ conversion act iv i ty  was signif icantly lower 
in Run 242 than in Run 3LCF9. 

There are several possible reasons for  the difference in the calculated conversion 
activities in the two systems: 1) Simple f irst-order kinetics may not be  a good 
description of the conversion reactions. Additionally, it may be more appropriate 
to use space velocity based on reactor volume rather  than on catalyst weight for  
the resid conversion reaction since there may be a large thermal contr ibution to  
conversion. 2) The inherent reactivities of the feedstocks are almost certainly d i f -  
ferent. The clearly demonstrated differences in feed composition are expected to 
resul t  in d i f ferent  reactivities. Th is  could be caused in p a r t  by the d i f ferent  
selectivities of the deashing processes as well as the d i f ferent  f i rst-stage reaction 
severities. Batch experiments demonstrating d i f ferent  "thermal" reactivi t ies of the 
feedstocks are described below in th is  paper. Different reactivi t ies would require 
the use of d i f ferent  act ivat ion energies in the  kinetic calculations. In fact, 
Catalytic, Inc., uses an activation energy value o f  50,000 B t u l l b  mol (27.8 
kcallmol) for  Run 242 da ta ( l2 )  as opposed to  the 23.5 kcallmol used in our  
calculations. 3 )  One o r  b o t h T u n s  may have been operated w i th  non-equil ibrated 
solvent. 4) The use o f  the "effective" (average) temperature in the kinetic 
calculations for t he  Lummus system may g ive incorrect results because the  LC- 
Finer operation is  not s t r i c t l y  isothermal. Temperature dif ferentials over the 
LC-Finer are often SOOF o r  greater (2). 
YIELD DIFFERENCES CONSISTENT WITH CONVERSION DIFFERENCES 

The greater first-stage sever i ty  and lower second-stage conversions o f  Run 242 in 
relation to  Lummus Run 3LCF9 were discussed above. It would be expected that 
these differences would be reflected in the product yields o f  the two runs. A 
comparison of the yield s t ructures of the  two runs  was reported+ b y  Rao, 
e t  al (11). distillate 
yields 6 y  stage. 

The table below, based on those data, compares the net C, 

Net C5+ D i s t i l l a t e  Yie ld  
Run 242 Run 3LCF9 

As I o f  Total As % of T o t a l  
As w t  % D i s t i l l a t e  As w t  % D i  s t i  11 ate 
MAF Coal Yield MAF Coal Yield 

F i r s t  Stage 35.6 57 8.5 15 
Second Stage 27.3 43 49.0 a5 
Total 62.9 100 57.5 100 

Although total dist i l late yields are similar for  the two runs,  a much greater 
proport ion of the dist i l late was produced in the f i r s t  stage during Run 242. These 
results are consistent w i th  conclusions drawn from ou r  analyses o f  the runs. 
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THERMAL REACTIVITIES OF RUNS 3LCF9 AND 242 RESIDS 

The  comparison o f  Wilsonville Run 242 wi th  typical Lummus operations described 
above showed tha t  when second-stage samples were analyzed on an equivalent 
basis, t h e  resid (85OoF+) conversion activi ty, as measured by the f i rs t -order  
kinetic pre-exponential factor, was lower in the Wilsonville system than the Lumrnus 
system. To examine the reactivi t ies o f  the d i f ferent  feed resids, we performed a 
set of experiments t o  compare the "thermal11 reactivities o f  the residual feeds t o  
Lummus Run 3LCF9 and Wilsonville Run 242. One reason the compositions of the 
second-stage feed resids are d i f ferent  i s  the d i f ferent  deashing technologies in use 
at  the two plants. Wilsonville uses CSD which selectively rejects preasphaltenes. 
In order to determine if the  difference in reactivities (if any)  o f  the second-stage 
feed resids were caused solely by deashing differences, we also tested a T-102 
bottoms (f irst-stage product  resid, non-deashed) sample from Run 242. 

T h e  conversion o f  res id  in the second stage o f  ITSL is  promoted by the distillate 
hydrogen donors in the solvent. Since .the second stage of each plant is back- 
mixed, the product dist i l late better models the reactor inventory  than the feed 
distillate. Therefore, the distillates used in this work were second-stage products 
whereas the resids were second-stage feeds. 

The samples used fo r  these experiments are described below: 

3LCF9 Resid: A composite sample o f  the 850°F+ resid fract ion of LC-Finer 
feed samples from Run 3LCF9. 

Same, but cornposited from the 850OF- dist i l late products. 

feed) sample from 1/13/83 of Run 242. 

3LCF9 Distillate: 

V-1064 Resid: The residual (85OoF+) port ion o f  the V-1064 (second-stage 

242 Distillate: A composite sample o f  the 85OOF- dist i l late fract ion of the 

T-102 Bottoms: The f irst-stage product resid from 12/19/82 o f  Run 242. A 

The  method used f o r  these experiments follows. The 30 ml microautoclave was 
charged w i t h  9 g o f  the res id  sample and 6 g o f  the dist i l late sample to be 
investigated. This  approximates a "typical" residldist i l late rat io in the continuous 
units. The microautoclave vessel has heat-up and cool-down times o f  less than 2 
min and is agitated v igorous ly  to overcome mass transfer limitations. The vessel 
was charged w i t h  1000 psig cold H, (<2300 psig at  75OOFl. Reactions were carr ied 
Out for two hours a t  750OF. 75OoF was used because both continuous un i t s  were 
operated for some time a t  t ha t  temperature. Two hours is thought t o  approximate 
the  average liquid residence times in the second-stages of the two continuous 
units. It is  recognized tha t  a batch microautoclave can only approximate the 
performance of the continuous unit; however, th is  work was done to obtain a 
comparison, not absolute reactivities: Af ter  each microautoclave run, the 
microautoclave contents were extracted w i t h  THF to separate the IOM and ash. 
The  solubles were d is t i l led to  32OOC pot/270°C column/5 t o r r  (85OOF) 'using a 
microstill. Conversions and yields were determined from known feed and product 
compositions. Ash was assumed to c a r r y  through unchanged. 85OOF- was deter- 
mined b y  difference and includes both dist i l late and total gas make. Each 
experiment was performed a t  least twice to obtain a measure (pooled standard 
deviation) of reproducib i l i ty .  Each distillate sample was reacted wi th  each resid 
sample at  least in duplicate to  determine the relat ive Vhermal" reactivi t ies of the 
resids and t h e  effect o f  the distillates. The data are summarized in Table 1. As 

A typical sample. 

V-1067 (second-stage product) samples from Run 242. 

typ ica l  sample. 

180 



F 

shown in Table 1.  the pooled standard deviation o f  ou r  measurement of 85OoF+ 
conversion is  0.6% absolute. 

No difference was observed that  was dependent on the dist i l late solvent used in 
these tests even though there is a signif icant dif ference in the i r  abilities t o  
convert coal in a donor-only system (4,). 

Unlike the distillate, the resids made a large, experimentally signif icant difference. 
About 15% o f  the resid from Run 3LCF9 converted to  l ighter  materials, regardless 
o f  distillate. Th is  compares to  about 5 t o  6% fo r  t he  two Run 242 resids which d i d  
not react to  signif icantly d i f ferent  extents from one another. 

These results support the conclusion tha t  the res id  conversion activi t ies calculated 
for  Runs 3LCF9 and 242 were dif ferent, a t  least in par t ,  because of a dif ference 
in the reactivities of the feedstocks. The  resul ts  indicate that  the lower resid 
conversions obtained in Run  242 as compared t o  Run 3LCF9 du r ing  periods o f  
generally comparable operating conditions resulted at  least pa r t l y  from a less 
reactive second-stage feedstock. This  is consistent wi th  the  first-stage dist i l late 
yields in Run 242 being h igher  than in Run 3LCF9 (g ) ,  thus leaving only the 
more refractory materials f o r  second-stage conversion. 

SUMMARY 

The soompositions and relat ive proport ions o f  both the 85OOF- dist i l late and 
85OOF resid fract ions in the process streams were fa i r l y  constant in 
Wilsonville Run 242. 

The Crit ical Solvent Deashing (CSD) unit selectively rejected preasphaltenes 
during Run 242. The reduced level of preasphaltenes thus fed to the 
hydrotreater could af fect  hydrotreater performance. 

The characteristics o f  the process oils from Run 242 are signif icantly 
dif ferent from the  characteristics o f  the corresponding process oi ls from 
Lummus PDU operations, although both operations were conducted in  the 
ITSL mode. For many measured parameters, the data from Run 242 and the 
Lummus operations do  not share a common range. Much o f  the dif ference 
may be ascribed to  differences in the f irst-stage (thermal) severities and t o  
selectivities o f  the deashing operation between the Lummus and Wilsonville 
operations. Characteristics of the start-up solvents may also have 
influenced th is  comparison. 

First-stage coal conversions to THF solubles averaged 91% for  Run 242. 
This is 3 t o  4% absolute greater than the THF conversions calculated for  
Lummus PDU runs operated at similar temperature and pressure conditions 
and is consistent w i t h  the generally lower f irst-stage space velocity used in 
Run 242. The  more severe f i r s t  stage conditions used in  Run 242 may be 
one reason f o r  the d i f ferent  first-stage yields and d i f ferent  second-stage 
feed compositions in that  run as compared t o  PDU operations. 

Second-stage 85OoF+ conversions in Run 242 were clearly lower than in 
typical PDU runs  a t  operating conditions that  were ostensibly similar. A 
possible reason fo r  t h i s  is the dissimilar second-stage feed composition, again 
part ial ly a resul t  o f  the deashing process and first-stage severity 
differences. 

A statistically-designed set of experiments showed that  t he  second-stage 
residual feed from Wilsonville Run 242 was signif icantly less reactive than the 
corresponding material from Lummus Run 3LCF9 at  thermalldonor, i.e., non- 
catalytic conditions. This  is consistent wi th  the analytical results. 
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TABLE 1 

THERMAL REACTIVITIES OF RUNS 3LCF9 AND 242 RESIDS 
SUMMARY OF RESULTS 

Samples 85OoF+ Conversions, w t  % 

Distillate Resid Tr ia l  1 Tr ia l  2 Tr ia l  3 Average 

3LCF9 3LCF9 15.8 14.4 15.1 
V-1064 5.6 6.4 6.0 
T-102 Bottoms 5.1 5.8 5.4 

242 3LCF9 15.6 15.4 15.5 
V-1064 4.8 4.0 4.9 4.6 
T-102 Bottoms 6.8 5.8 6.3 

- 
- 
- 
- 
- 

Pooled standard deviat ion = 0.6% absolute 

Average conversion us ing 3LCF9 dist i l late = 8.8% 
Average conversion us ing 242 dist i l late = 8.8% 1 difference 

Average conversion us ing 3LCF9 resid = 15.3% 
Average conversion us ing V-1064 resid = 5.3% 
Average conversion us ing T-102 bottoms res id  = 5.9% 

No signif icant 

3LCF9 resid more 
reactive than  either I 242 resid 

2 . 5 r  

I \.. 

u 
'$ 1.5 . 
Y 

Run ILCF9 
6 Run 242 

0 
- 0  

1 I I I I I I I I I 
200 400 600 800 loo0 1200 1400 1600 1800 

Catalyst Age, l b  850°F+/lb Cat 

Figure 1. Comparison o f  First-Order Pre-Exponential Factors vs Catalyst Age. 
Runs 242 and 3LCF9. 
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THE APPLICABILITY OF STANDARD TEST METHODS 
TO THE ANALYSIS OF COAL SAMPLES FOR COAL RESEARCH 

Peter  C. L indahl  

A n a l y t i c a l  Chemistry Laboratory  
Chemical Technology D i v i s i o n  
Argonne Nat ional  Laboratory  

9700 South Cass Avenue 
Argonne, I L  60439 

INTRODUCTION 

Standard t e s t  methods f o r  r o u t i n e  coal ana lys i s  i n  the  Uni ted States i nc lude  those o f  
t h e  American Soc ie ty  f o r  Tes t i ng  and Ma te r ia l s  (ASTM) and, w i t h  l i m i t e d  app l i ca t i on ,  
those o f  t he  I n t e r n a t i o n a l  Organizat ion o f  S tandard i za t i on  (KO). The former consis t  
o f  na t i ona l  standards used i n  t h e  Un i ted  States and Canada, w h i l e  t h e  l a t t e r  have 
been developed by IS0 member na t i ons  f o r  i n t e r n a t i o n a l  t rade .  While these methods 
are used throughout t h e  coa l  i n d u s t r y  and i n  commerce t o  e s t a b l i s h  coal  q u a l i t y ,  they 
may n o t  be app l i cab le  i n  t h e  ana lys i s  o f  coal samples f o r  research purposes. One 
problem area i s  t h e  chemical ana lys i s  o f  coa l .  Th i s  becomes p a r t i c u l a r l y  ev ident  
when using ASTM methods which were p r i m a r i l y  designed f o r  t h e  ana lys i s  o f  bituminous 
coal  t o  analyze l i g n e t i c  and subbituminous coals .  Here, researchers and analysts  
f i n d  themselves t r y i n g  t o  f i t  a square peg i n  a round hole.  

I n  t h i s  paper some o f  t h e  d i f f i c u l t i e s  t h a t  have been observed i n  ou r  ana lys i s  o f  
research coal  samples f o r  major, minor, and t r a c e  elements are emphasized, and 
suggestions f o r  e l i m i n a t i n g  these problems are presented. 

DISCUSSION 

Mo is tu re  i n  the  Ana lys i s  Samole 

Determining the  mo is tu re  i n  t h e  ana lys i s  by weight  l o s s  a t  104-llO°C presents several 
problems, e s p e c i a l l y  i f  t h e  c u r r e n t  ASTM method 03173 (1) i s  used. 
experience, t h e  ASTM method i s  unsu i tab le  f o r  low-rank coa ls  because i t  does no t  use 
an i n e r t  gas as t h e  purge gas and recommends t o o  sho r t  a d r y i n g  per iod.  Oxidat ion - -  
g a i n  i n  weight as t h e  sample r e a c t s  with oxygen i n  the  a i r  - -  can take  place, and not  
a l l  of the 1O4-11O0C m o i s t u r e  i s  removed du r ing  t h e  recommended one-hour d r y i n g  t ime. 
I n  add i t i on ,  w i t h  c e r t a i n  low-rank coals ,  deca rboxy la t i on  d u r i n g  t h e  d r y i n g  per iod 
can r e s u l t  i n  weight  l o s s .  
c a l c u l a t i o n  of s u l f u r ,  ash, and t r a c e  element da ta  t o  mo is tu re - f ree  bases, so a 
modi f ied ASTM method s i m i l a r  t o  t h e  IS0 method 331 (2)  i s  used. 
heated i n  an oven a t  104-llO°C f o r  t h r e e  hours. The oven i s  purged w i t h  dry ,  
p u r i f i e d ,  and preheated n i t r o g e n .  

Ash i n  t h e  Ana lys i s  Samole 

The ash i n  coal  i s  t h e  noncombustible res idue  t h a t  remains when coal  i s  burned. I n  
t h e  ASTM method D3174 (3 ) ,  t h e  coal  sample i s  p laced i n  a c o l d  furnace and heated 
g radua l l y  so t h e  temperature reaches 450 t o  500oC i n  one hour and 700 t o  75OoC a t  the 
end of the second hour. The IS0 method 1171 (4) recommends a 815OC f i n a l  
temperature. 
temperature t o  constant  weight .  

I n  our 

, 
A t  present, our use o f  mois ture data i s  p r i m a r i l y  f o r  

\ 

The coal  sample i s  I 

\ 
I 
b 
‘I 

i I n  bo th  methods t h e  sample i s  i g n i t e d  a t  the approp r ia te  f i n a l  
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For our research samples, we have selected a procedure in which the coal samples are 
placed in a cold muffle furnace; the temperature is incremented at the rate of 100°C 
per hour until the final temperature is attained. Although slower, this procedure 
Prevents ignition o f  the coal, which can result in the physical loss of material. 
addition, this slower rate minimizes sulfur retention in the ash. 

Ash Analysis - Maior and Minor Ash Elements 

The analysis of coal ash for major and minor elements is important for determining 
the ash chemistry. The current ASTM method D3682 (5) requires fusion o f  the sample 
with lithium tetraborate followed by analysis by atomic absorption spectrophotometry 
(AAS). Presently the list of routinely determined ash elements includes Si, Al, Fe ,  
Ti, Ca, Mg, Na, K, P, and S. For our research samples a more complete ash 
characterization is necessary so that elements such as Sr, Ba, Mn, and Zn are also 
determined. 
eliminate the need to use one flux (lithium metaborate) for highly siliceous ashes 
and another flux (lithium tetraborate) for ashes containing high contents of iron 
oxides. 
ash chemistry encountered when analyzing lignite ash versus bituminous coal ash. 

Although AAS is the technique utilized in the ASTM standard method, the determination 
of additional elements, coupled with the need to reduce analysis turnaround time, has 
prompted the evaluation of multielement sequential and/or simultaneous determination 
systems such as inductively coupled plasma-atomic emission spectrometry (ICP-AES) for 
coal ash analysis. 

Ash Analysis - Trace Elements in Coal Ash 

The determination o f  trace elements in coal ash is relatively straightforward and 
will be indicative of the trace element content of the coal if the particular trace 
element is not volatilized during ashing. The current ASTM method D3683 (6) utilizes 
a 500oC ash for the determinations o f  Be, Cu, Cr, Mn, Ni, Pb, V, and Zn by flame 
atomic absorption spectrophotometry. While flame AAS is satisfactory for most of the 
trace elements mentioned, many coal ashes contain levels of Pb and V that are just 
above the flame AAS detection limits; hence, quantification for those elements is 
difficult. 
determination and ICP-AES is being evaluated for the V determination as well as for 
the other trace elements listed above. 

Analysis of Coal for Major. Minor. and Trace Elements 

As mentioned previously, if the inorganic components present in the coal are not 
volatilized during ashing of the coal, and the ash content is known, these elements 
can be determined in the ash and calculated to a coal basis. Unfortunately, the 
literature reports situations where selected elements in coal, such as sodium, lead, 
and cadmium, are volatilized during ashing (7 ,8 ,9 ) .  Situations such as these cast 
doubt on the universal applicability of elemental analysis methods for coal that 
require muffle furnace ashing. 

Wet ashing techniques include the use of mixtures of perchloric and other acids for 
the dissolution of coal. 
the major, minor, and trace elements, most coal analysis laboratories avoid the use 
of perchloric acid. 
microwave oven digestion and slurry techniques exhibit contamination problems and/or 
low recoveries for many elements. 

In 

In addition, methods utilizing mixed-flux fusions are being evaluated t o  

These aspects are being addressed because of the extreme variability in the 

Flameless AAS is being evaluated as an alternative for the Pb 

While wet ashing minimizes the risk of volatilization of 

Other approaches of coal sample preparation for analysis such as 
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We recommend the use of nitric-perchloric acid digestions (10) and oxygen bomb 
combustions (11) in the preparation of coal samples for spectrochemical analysis. 
These procedures eliminate any ambiguity associated with potential elemental losses 
by volatilization during the sample preparation. 

CONCLUSIONS 

In analyzing coal research samples far their chemical composition, it is apparent 
that certain current standard test methods require modification or they are not 
applicable. Coal research, and possibly most new uses of coal, will require higher 
standards of quality control and accuracy than are currently quoted in many of the 
existing standard test methods. These factors will become increasingly more 
important when economic decisions must be made based on the validity, i.e., accuracy, 
o f  coal analysis data. 
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QUANTITATIVE ASPECTS IN CP f MAS EXPERIMENTS 
ON WHOLE COALS AND MACERALS' 

R. E. Botto, R. Wilson, R. Hayatsu, R. L. McBeth, R. G. Scott and R. E. Winans 

Chemistry Division, Argonne National Laboratory 
9700 South Caas Ave., Argonne, IL 60439 

Introduction 

of fossil-fuel materials, including coals, using cross-polarization (CP) techniques 
combined with high-power decoupling and magic-angle sample rotation (MAS).' 
However, the quantitative reliability of CP/MAS experiments on coals has recently 
received considerable attention.2-8 Because coals are heterogeneous by nature, a 
single C P  experiment can give inadequate quantitative information and may be very 
misleading. Problems can arise because the efficiency of cpos~l polarization to 
different carbons in the sample depends upon their characteristic polarization 
transfer times (TCH) and on the behavior of their respective proton reservoirs with 
regard to spin-lattice relaxation in the rotating frame (T,,,H). With regard to the 
analysis of coals, there is the additional complication that carbons in the vicinity of 
free radicals may not be detected due to dipolar interactions. 

experimental parameters which govern NMR signal intensities in solid-state 
experiments on whole coals and separated coal macer& and, subsequently, to 
devise computer-assisted methods which allow absolute signal intensities to be 
calculated from the data. 
number of carbon spins that are detected in solid-state NMR experiments. Any 
missing carbon signal intensity has been attributed to the p m n c e  of paramagnetic 
centera or to inefficient carbon polarization. 

Solid-state NMR spectra are now being obtained routinely for a wide variety 

The purpose of the present investigation is to identify the important 

New methods have also heen developed to evaluate the 

Exwrimental 

spectrometer with a doubly-tuned single coil probe and a dual air-bearing spinning 
apparatus. The spinners were made of ceramic with an internal volume of 0.3 ml 
and were spun at approximately 4 kHz. Relaxation time experiments were carried 
out employing contact timea between 0.06 and 10 ms, a 2 s pulse repetition rate, 
and a 67 kHz proton decoupling field. Carbon signal intensities were determined 
for aromatic (110-180 ppm) and aliphatic (0-60 ppm) absorption bands. 
aromatic carbons, signal intensities of the spinning sidebands were added to the 
intensity of the centerband. 
obtained using a non-linear leaat squares computer program developed in these 
laboratories. Typically, 11-22 contact times were selected for a single analysis. 

Solid-state l8C spectra were obtained at 26.18 MHz on a Bruker CXP-100 

For the 

The fit of the contact-time magnetization curves waa 

~~ 

Work performed under the auspices of the Office of Basic Energy Sciences, 
Division of Chemical Sciences, U. S. Department of Energy under contract number 
W-31-109-ENG-38. 
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Carbon spin-counting experiments were carried out by physically mixing 
approximately 12 percent hexamethylbenzene (HMB) by weight with the sample to 
be measured. Experimental conditions used for the measurements were a contact 
time of 4 me, a 3 s pulse repetition rate, a 60 ms acquisition time, and a 67 kHz 
proton decoupling field. 

The five maceral samples studied were a resinite from Utah, Blind Bear 
Canyon mine, a sporinite isolated from PSOC 828, two vitrinitee isolated from 
Illinois No. 2 hvC bituminous and PSOC 1103 coals, and a fusinite isolated from 
Illinois No. 2 hvC bituminous coal. The coal samples studied were a Victorian 
Brown coal (pale lithotype) from Australia, a Wyoming lignite, an Illinois hvC 
bituminous coal (Herrin No. e), and a medium-volatile bituminous coal (PSOC 
403). Analytical data for the separated coal macerala have been presented 
elsewhere.$ The samples designated PSOC were obtained from the Penn State Coal 
Sample Bank. 

-- Results and Diecuasion 

performed on the Illinois No. 2 vitrinite sample in order to establish which 
instrumental parameters were critical for quantitative analysis. 
decoupling field from 4-80 kHz or changing the pulse repetition rate from 0.5-3 s 
had little effect on the derived carbon aromaticity values. 
misadjustment of the Hartmann-Hahn matching condition resulted in a substantial 
reduction in the observed carbon aromaticity. 

In a second set of experiments, the variation of the aromatic and aliphatic 
carbon signal intensities with contact time was investigated. Previous studies on 
coals have shown that treating &I aromatic or &l aliphatic carbons as having single 
relaxation behavior provides a reaeonable model for computational analysis of the 
data’ Figure 1 shows the magnetization curves for four maceral samples. 
Absolute values for the carbon intensities (&) then are calculated by fitting the 
variation in carbon magnetization to equation 1 below: 

Conventional CP/MAS experiments with a contact time of 1 me initially were 

Varying the proton 

However, even a slight 

M = M, exp(-t/ToH) ( 1 - exp(-bt/T,,”) 1, (1) 

where b = 1 - ToH/TIpH. 

Our studiea on model polymers have demonstrated that computed intensities for 
different carbon functional groups from variable contact-time experiments are 
accurate to within 3%. Calculated carbon aromaticities in Table 1 for a series of 
whole coals and maceral concentrates show the expected trende: 
incresses with increasing rank of the coda and, for macerals, in the order resinite 
< sporinite < vitrinite < fusinite. More importantly, each maceral sample in 
Figure 1 exhibits a unique, intensity response profile to the variation in contact 
time. The plots for the various mace& indicate that the intensity maxima of the 
aromatic carbone occur typically at longer contact times than those of aliphatic 
carbons. Hence, to select a single contact time which gives representative 
aromatic-aliphatic intensity ratioe for the entire suite of mace& is difficult, if not 
im-ible. Consequently, differences in relaxation behavior from sample to sample 

aromaticity 



f 
i 

li 

8pe hard to reconcile from a &gle cm-polarization experiment and can lead to 
significant errors in the estimation of aromaticity values. 
computational method lies in its ability to determine carbon intensities which am 
independent of relaxation effects. 

Carbon-spin counting experimenta on the coal and maceral samples involve 
physically mixing a suitable intensity reference, hexamethylbenzene (HMB), with the 
sample to be measured. The ratio of the total carbon magnetizations of the sample 
over the reference calculated using equation 1 and normalized with respect to 
weight-percent carbon gives a good estimate of the proportion of carbon spins 
detected for the sample. Comparing results from Bloch-decay (SPE) and CP 
experiments allows one to distinguish what portion of the undetected signal 
intensity is due either to the presence of paramagnetic species in the sample or to 
inefficient carbon polarization. Figure 2 shows the results from a CP experiment 
on a resinite and a vitrinite sample, each containing approximately the same weight 
percent of HMB. The sharp signals at 20 and 136 ppm in each spectrum 
respectively represent the methyl and aromatic carbons of HMB. Visual inspection 
of the overall signal intensities of the two samples (in relation to the reference) 
reveals that a substantially lower number of carbons are detected for the vitrinite 
sample. When the integrated intensities are mathematically corrected for relaxation 
effects and compared to those calculated for the standard, the results indicate that 
70% of the carbons in the reainite sample are being detected and only 36% for the 
vitrinite. These can be compared with values of 70% and 60%, respectively, 
obtained from Bloch-decay experiments. Therefore, one half of the carbons in the 
vitrinite sample are not observed due to paramagnetic line-broadening effects, while 
another 16% go undetected due to ineficient cmsa polarization. 
vitrinite data suggest that cm-polarization experiments largely discriminate 
sgainat aromatic carbons, and thus, they provide minimum values for carbon 
aromaticity. The general trend observed for the entire suite of coal and maceral 
samples p m n t e d  in Table 2 is a decrease in detected carbons with increasing 
carbon content of the sample. 

The advantage of the 

Moreover, the 
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Table 1. Carbon Aromaticities(fa) Derived from Contact 
Time Experiments using Equation 1. 

~~ 

Sample fa 

Resinite(Hiawatha) 
Sporinite(PS0C 828) 
Vitrinite(I11 No. 2) 
Vitrinite(PS0C 1103) 
Fusinite(I11 No. 2) 

Australian(Pale Lith) 
Wyoming Lignite 
Herrin No. 6(HVC Bit) 

0.16 
0.56 
0.70 
0.69 
0.82 

0.37 
0.55 
0.67 

Table 2, Carbon Spin-Counting Experiments 

% C Observed 
Sample SPEa CPb % cc 

Resinite(Hiawatha) 70 70 83.8 
Vitrinite(I11 No. 2) 50 35 72.0 
Fusinite(I11 No. 2) 43 26 79.3 

Wyoming Lignite 
Herrin No. 6(HVC Bit) 
MV Bit(PS0C 403) 

56 66.4 
55 62.8 
40 78.0 

a SPE = single-pulse excitation. 
CP = cross polarization. 
Carbon % on dmmf basis. 
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Figure 1. 
Contact Time for Maceral Concentrates a)Resinite, 
b)Sporinite, c)Fusinite and d)Vitrinite. 
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Figure 2. CP/MAS W - N M R  Spectra of Vitrinite and Resinite Samples with 
added HMB as the Intensity Standard. 
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STATUS OF THE PREMIUM COAL SAMPLE PROGRAM AT THE ARGONNE NATIONAL LABORATORY 

K a r l  S. Vorres 
Chemistry Div is ion ,  Bldg 211  
Argonne Nat iona l  Laboratory 

9700 S. Cass Ave. 
Argonne, I L  60439 

PURPOSE OF THE PREMIUM COAL SAMPLE PROGRAM 

The purpose of the  Premium Coal Sample Program is t o  provide the  c o a l  
s c i ence  research  community wi th  long t e r m  s u p p l i e s  of a smal l  number of 
premium coa l  samples t h a t  can be used a s  s tandards  f o r  comparison and 
c o r r e l a t i o n .  The premium coa l  samples produced from each c o a l  and d i s t r i b u t e d  
through t h i s  program are chemically and phys ica l ly  as i d e n t i c a l  as  p o s s i b l e ,  
have wel l  cha rac t e r i zed  chemical and phys ica l  p r o p e r t i e s ,  and w i l l  remain i n  a 
p r i s t i n e  condi t ion  over long  pe r iods  of t i m e .  

The need f o r  a Premium Coal Sample Program was expressed a t  t he  Coal 
Sample Bank Workshop he ld  March 27 and 28, 1981 i n  A t l an ta ,  Georgia. 

WHAT A PREMIUM SAMPLE IS 

A premium coa l  sample has been s p e c i a l l y  s e l e c t e d ,  processed and s t o r e d  
t o  keep i t  as  c l o s e  t o  i t s  o r i g i n a l  cond i t ion  as  poss ib le .  S p e c i f i c a l l y :  
con tac t  w i t h  oxygen has been minimized a t  a l l  s t ages  from mining, t r a n s p o r t  
and process ing  i n  a n i t rogen  f i l l e d  f a c i l i t y  t o  s e a l i n g  i n  amber colored g l a s s  
v i a l s .  Re la t ive  humidity and temperature a r e  con t ro l l ed  i n  t h e  process ing  
f a c i l i t y  t o  maintain t h e  equi l ibr ium moisture of the  o r i g i n a l  coa l .  Uni- 
formi ty  of samples is achieved by process ing  about 750 kg of coa l  i n  a s i n g l e  
ba t ch ,  mixing thoroughly i n  a s p e c i a l  b lender ,  and f i n i s h i n g  wi th  a sp inning  
r i f f l e r  t o  a s su re  well-mixed samples. Ac t iva t ion  ana lyses  have confirmed the  
thoroughness of t he  mixing. S t a b i l i t y  of the  s a m p l e s  is maximized by s e a l i n g  
i n  amber-colored g l a s s  w i th  a fue l - r i ch  hydrogen-oxygen flame. Secure ,  long- 
term supp l i e s  r e s u l t  from an i n i t i a l  production of 10,000 f i v e  gram ampoules 
and 5,000 t e n  gram ampoules w i t h  50 f i v e  ga l lon  sea l ed  g l a s s  carboys i n  
r e se rve  f o r  f u t u r e  ampoule production from each metric ton  sample of coa l .  
Some s p e c i a l  needs can be met from lumps s t o r e d  i n  argon i n  two r e se rve  55 
ga l lon  drums, and two 15 ga l lon  drums as p a r t  of t he  o r i g i n a l  sample. A 
s e p a r a t e  n i t rogen  f i l l e d  glove box w i l l  be used f o r  process ing  these  reques ts .  

SELECTION, SAMPLE COLLECTION, AND TRANSPORT 

I n i t i a l l y  the  coa l s  have been s e l e c t e d  t o  cover a wide range of chemical 
composition. The samples w i l l  i nc lude  low-, medium- and h igh -vo la t i l e  
bituminous coa l s  a s  w e l l  as l i g n i t e  and sub-bituminous. These samples a r e  
channel-type samples, r ep resen t ing  a uniform cross s e c t i o n  of t h e  seam from 
top  t o  bottom. Sample c o l l e c t i o n ,  under t h e  supe rv i s ion  of c o a l  g e o l o g i s t s  
from the  U. S. Geological Survey, involves  removal of c o a l  up t o  6" lumps from 
a f r e s h l y  exposed f ace  t o  s p e c i a l  double p l a s t i c  bags, t r a n s f e r  t o  s t a i n l e s s  
s t e e l  drums i n  a r e f r i g e r a t e d  s e m i - t r a i l e r  a t  t h e  s u r f a c e ,  purging of samples 
i n  t h e  drums with argon, and immediate t r a n s p o r t  t o  t h e  process ing  f a c i l i t y  a t  
Argonne Nat iona l  Laboratory (ANL). A c a r e f u l  desc r ip t ion  of t h e  geology of 
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t he  sample a r e a  and l o c a t i o n  w i l l  be prepared and a v a i l a b l e  as a re ferenceable  
do cumen t . 
SAMPLE PROCESSING 

The p rocess ing  f a c i l i t y  i s  a l a r g e  glove box made of aluminum panels  
about  12' t a l l ,  4-5' wide and about 40' long. Clear  p l a s t i c  windows 
conta in ing  70 p a i r s  of rubber g loves  permit obse rva t ion  and manipulation of 
t he  sample o r  equipment. During process ing  t h e  box is f i l l e d  with n i t rogen  
and t h e  oxygen concen t r a t ion  is  kep t  a t  o r  below 100 ppm. The humidity is 
kept as  h igh  as  p o s s i b l e  but low enough t o  avoid condensation on t h e  windows 
dur ing  operation. A t  t h e  process ing  f a c i l i t y ,  t h e  s t a i n l e s s  steel  drums a r e  
weighed and loaded i n t o  an  a i r l o c k ,  which is then  purged wi th  n i t rogen .  The 
drums are  emptied by means of a hydrau l i c  drum dumper i n t o  a crusher  which 
reduces t h e  p a r t i c l e  s i z e  t o  -1/2". The sample is t h e n ' p u l v e r i z e d  i n  an 
impact m i l l  t o  o b t a i n  -20 mesh mater ia l .  The pulver ized  material is co l l ec t ed  
i n  a n i t rogen  f i l l e d  mixer-blender s e l e c t e d  f o r  g e n t l e  but thorough mixing. 
A f t e r  thorough mixing t h e  pulver ized  coal is conveyed to  a sp inning  r i f f l e r  
and sea led  i n  10 gram ampoules and 5 g a l l o n  g l a s s  carboys o r  s p e c i a l  5 gal lon  
t r a n s f e r  con ta ine r s .  The con ten t s  of t h e  t r a n s f e r  con ta ine r s  a r e  then 
recycled t o  the  p u l v e r i z e r  and crushed t o  pass a 100 mesh screen. Af te r  
thorough b lending  t h i s  material is conveyed t o  t h e  packaging u n i t  f o r  s ea l ing  
i n  5 gram amber co lored  ampoules and 5 ga l lon  b o r o s i l i c a t e  g l a s s  carboys. 
F igure  1 is a block diagram of the  coa l  sample prepara t ion .  

CHARACTERIZATION 

The c o a l s  are analyzed f o r  t h r e e  purposes: (1) homogeneity t e s t i n g ,  ( 2 )  
cha rac t e r i za t ion ,  and (3) s t a b i l i t y  monitoring. Resu l t s  a r e  a v a i l a b l e  f o r  each 
coa l  i n  t h e  form of a p r i n t e d  sample announcement. Requests t o  be placed on a 
mai l ing  l i s t  should be s e n t  t o  t h e  au thor .  The r eques to r  should include 
mai l ing  address ,  t e lephone  number, and r e sea rch  i n t e r e s t s .  

Homogeneity t e s t i n g  inc ludes  sampling t h e  product flow i n t o  carboys and 
ampoules throughout t h e  process ing  t o  o b t a i n  39 r e p r e s e n t a t i v e  samples. These 
a r e  placed i n  polye thylene  con ta ine r s  f o r  i r r a d i a t i o n  a t  the  t h e  Univers i ty  of 
I l l i n o i s  TRIGA r e a c t o r .  The samples are counted at ANL t o  monitor t h e  Na, K 
and As a c t i v i t i e s .  Other techniques  are being eva lua ted  t o  complement these  
measurements. A f t e r  t h e  r e s u l t s  are analyzed and found t o  be s a t i s f a c t o r y  an 
announcement of t h e  a v a i l a b i l i t y  of samples is s e n t  t o  i n d i v i d u a l s  on the  
mai l ing  list.  

Charac t e r i za t ion  inc ludes  the  e f f o r t s  of over  70 d i f f e r e n t  l a b o r a t o r i e s  
t o  e s t a b l i s h  phys ica l  and chemical p r o p e r t i e s  of t he  samples. This number i s  
d e s i r a b l e  t o  permit a s t a t i s t i c a l  a n a l y s i s  of t h e  r e s u l t s .  The ana lyses  w i l l  
i nc lude  proximate,  u l t i m a t e ,  c a l o r i f i c  va lues ,  s u l f u r  forms, equi l ibr ium 
moisture,  maceral  a n a l y s i s ,  Gieseler p l a s t i c i t y  f o r  t h e  bituminous coa l s ,  and 
minera l  matter major elements among o the r s .  Round rob in  ana lyses  have been 
organized, 

A v a r i e t y  of s t a b i l i t y  monitoring t e s t s  are used inc luding  evolved gas 
a n a l y s i s  and s l u r r y  pH. The gas a n a l y s i s  i nc ludes  de te rmina t ions  of oxygen 
and l i g h t  hydrocarbons t o  fo l low any poss ib l e  d i f f u s i o n  of gas i n t o  the  
ampoules and d i f f u s i o n  of v o l a t i l e s  from the  sample. The s l u r r y  pH monitors 

194 



t 

t he  change i n  pH of t he  f i l t r a t e  from a s l u r r y  of sample wi th  d i s t i l l e d ,  
deaera ted  water t o  monitor ox ida t ion  and release of products  of p y r i t e  
decomposition. S u l f a t e  i on  concent ra t ion  i s  a l s o  determined. In  a d d i t i o n  the  
bituminous samples w i l l  be monitored by r e p e t i t i v e  Giese l e r  p l a s t i c i t y  
ana lyses .  

AVAILABILITY AND DISTRIBUTION 

Samples are made a v a i l a b l e  t o  r e sea rch  personnel  a t  a nominal replacement 
Cost. A s p e c i a l  glove box f i l l e d  wi th  n i t rogen  is  ava i l ab le  t o  t r a n s f e r  
con ten t s  of ampoules t o  s p e c i a l  sample holders  on reques t .  A l s o ,  a very 
l i m i t e d  quan t i ty  of lump coa l ,  s to red  under s i m i l a r  i n e r t  cond i t ions  w i l l  be 
a v a i l a b l e  on special r eques t  f o r  s p e c i a l  phys i ca l  p roper ty  measurements. The 
process ing  f a c i l i t y  can be made a v a i l a b l e  f o r  occas iona l  process ing  of s p e c i a l  
samples. 

Orders are placed on t h e  forms s e n t  wi th  the  announcement of a v a i l a b i l i t y  
of t h e  samples with t h e  author. Prepayment is requested.  Samples a re  
a v a i l a b l e  i n  packages of 6 ampoules of one s i z e .  Specia l  ca r tons  a r e  used to  
a s su re  s a f e  de l ivery .  

FIRST SAMPLE 

Samples a r e  shipped by United Pa rce l  Se rv ice  (UPS). 

The f i r s t  sample, a medium v o l a t i l e  bituminous coa l ,  was c o l l e c t e d  from 
t h e  Lucerne 1 6  mine, owned by the  Rochester and P i t t sbu rgh  Mining Company of 
Indiana ,  Pennsylvania. The sample was co l l ec t ed  from t h e  Upper F reepor t  seam 
nea r  Homer C i ty ,  Pennsylvania.  A wedge shaped block was exposed by a 
continuous miner and used f o r  t h e  channel type sample .  

INFORMATION ON SAMPLES 

Each r e c i p i e n t  of samples i s  asked t o  provide  e i t h e r  a l i t e r a t u r e  
r e fe rence  t o  papers i n  widely c i r c u l a t e d  jou rna l s ,  o r  a copy of less widely 
c i r c u l a t e d  publ ic  r epor t s  and papers,  t o  be shared  with o t h e r  u s e r s  of the 
samples. L i s t i n g s  of t hese  r e fe rences  w i l l  be a v a i l a b l e  on r eques t  t o  the 
au tho r  (phone 312-972-7374) e i t h e r  i n  p r in t ed  ve r s ions  o r  v i a  computer 
.terminal. The Premium Coal Sample Program expec ts  t o  work wi th  o the r  coa l  
sample programs i n  provid ing  samples and sha r ing  information. 

Following t h e  r e p o r t s  from the  use  of of a number of s a m p l e s ,  workshops 
are planned t o  f a c i l i t a t e  sha r ing  r e sea rch  r e s u l t s  and t o  f o s t e r  bas i c  
unders tanding  of t he  chemistry and phys ica l  p r o p e r t i e s  of t h e  coa l .  The f i r s t  
i s  expected t o  be scheduled i n  1987 a t  ANL. 

USERS ADVISORY COMMITTEE 

A Users Advisory Committee provides  u s e f u l  suggehtions t o  t h e  Program 
Manager. This group inc ludes  D r s . :  B la ine  Cec i l ,  U. S. Geologica l  Survey; 
Marvin Poutsma, Oak Ridge Nat iona l  Laboratory; Ronald Pugmire, Un ive r s i ty  of 
Utah; William Spackman, Pennsylvania State Univers i ty ;  I rv ing  Wender, 
Un ive r s i ty  of P i t t sbu rgh ;  Randall  Winans, Argonne Nat iona l  Laboratory; John 
Young, Argonne Nat iona l  Laboratory. 
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IDENTIFICATION OF O I L  SPILLS BY FIELD IONIZATION MASS SPECTROMETRY 

Kipudaman Malhotra and G i l b e r t  A. St.John 
Mass Soectrometrv Program 

Chemicai Physics i a b o r a t o r y  
SRI I n t e r n a t i o n a l ,  Menlo Park,  CA 94025 

The U.S. Coast Guard provided SRI with a sample of an o i l  s p i l l  and seven 
o the r  samples from t h e  b i l g e  of var ious  sh ips  suspected t o  be t h e  source of 
t he  s p i l l .  F i e ld  Ion iza t ion  Mass Spec t rometr ic  (FIMS) a n a l y s i s  of t h e  samples 
l i n k s  the  unknown X with Sample B f o r  following reasons.  

F i e l d  ion iza t ion  of most organic  subs tances  r e s u l t s  i n  the  formation of t h e i r  
molecular ions  only,  i.e., no fragmentation except in a few cases .  The mass 
spectrum i s  the re fo re  a molecular-weight p r o f i l e  of t h e  sample. In  the  
a t t ached  spec t r a ,  w e  can see t h a t  a l l  samples con ta in  a bimodal d i s t r i b u t i o n  
of molecular weights.  In a l l  samples, t h e r e  i s  some material i n  the  m a s s  
range 120 t o  350 amu showing a maximum around 170 amu, most l i k e l y  t h e  f u e l .  
There i s  a l s o  some material of higher molecular-weight m a t e r i a l  and a broad 
mass d i s t r i b u t i o n  ranging from about 300 t o  800 amu, probably some l u b r i c a n t  
o r  wax. 

A l l  o rganic  compounds conta in ing  carbon, hydrogen, and oxygen have even molec- 
u l a r  weights,  and t h e r e f o r e  a FIMS of a f u e l  w i l l  have a preponderance of in- 

n s i t i e s  of even over odd masses. Peaks a t  odd m/z arise due t o  ( i )  n a t u r a l  '% abundance, (ii) molecules conta in ing  odd number of n i t rogen  a t o m ,  and 
( i i i )  fragmentation. I n  f i e l d  ion iza t ion  t h e r e  is very l i t t l e  fragmentation, 
and the  a t tached  s p e c t r a  have a l l  been co r rec t ed  f o r  n a t u r a l  13C abundance. 
For these  reasons,  the  spec t r a  show peaks mainly a t  even masses, and t h e  few 
odd mass peaks gene ra l ly  correspond t o  n i t rogen-conta in ing  compounds. 

FIMS of the  unknown sample w a s  obtained i n  dup l i ca t e  t o  i n d i c a t e  t h e  reproduc- 
i b i l i t y  of t h e  technique f o r  t hese  samples. As can be seen ,  t h e  technique 
d i sp lays  remarkable r ep roduc ib i l i t y .  For t h e  purpose of i d e n t i f y i n g  the  o i l  
s p i l l ,  we make use  of t h ree  s p e c t r a l  f ea tu re s .  

1. Kela t ive  i n t e n s i t i e s  of t h e  l i g h t e r  and heavier  material, 
f u e l ,  and lube .  Of course,  weathering w i l l  a l ter  t h e  r a t i o ,  
and t h i s  c r i t e r i o n  must be used wi th  some care. It i s ,  
however, s a f e  t o  assume t h a t  any weathering w i l l  only 
inc rease  t h e  r e l a t i v e  amount of t he  heav ie r  material and not  
vice-versa.  

Applying t h i s  c r i t e r i o n ,  w e  can r u l e  out  samples F and G as 
being the  source  of t he  s p i l l .  
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3 .  

P a t t e r n  of i n t e n s i t i e s  of some of the  prominent peaks over a 
narrow mass range such t h a t  any weathering would al ter t h e  
peaks t o  similar e x t e n t s .  Thus, examining the  i n t e n s i t i e s  
of the  peaks i n  the range 156 t o  184 amu, paying p a r t i c u l a r  
a t t e n t i o n  t o  t h e  p a i r s  of peaks a t  m/z 156/160, 170/174, and 
182/184, we can rule out  samples A, D, E ,  and F. Samples F 
and G show a s i g n i f i c a n t l y  more i n t e n s e  peak a t  m/z 146 rel- 
a t i v e  t o  the  one a t  m/z 142 than in o t h e r  samples. This  
leaves samples B and C as poss ib ly  being l inked  t o  the  s p i l l .  

P a t t e r n  of i n t e n s i t i e s  of t h e  odd mass peaks. These are t h e  
minor ni t rogen-containing components t h a t  provide an addi- 
t i o n a l  f i n g e r p r i n t  of t h e  f u e l .  On the  spectra, t h e s e  peaks 
can be recognized as the  dark s t u b s  near  the  base l i n e .  

On t h e  b a s i s  of t h i s  c r i t e r i o n  samples A, C ,  E,  F, and G can 
be r u l e d  out .  
also been p l o t t e d  over t h e  mass range 100 t o  300 a t  much 
reduced f u l l - s c a l e  i n t e n s i t y  t o  b e t t e r  show the  minor peaks 
and a l low an  easy comparison of t h e  p a t t e r n  of t h e  odd mass 
peaks. Following t h i s  e x e r c i s e ,  one a r r i v e s  a t  t h e  same 
conclusion.  

The F I  mass s p e c t r a  of a l l  t h e  samples have 

The only sample not  ru led  out thus f a r  is B. 

5 / 8 5  
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New Correlations Between the Watson Characterization Factor (K,) 
and Properties of Coal-Derived Materials 

M.B. Perry and C.M. White 

Division of Coal Science 
Pittsburgh Energy Technology Center 

P.O. Box 10940 
Pittsburgh, PA 15236 

Introduction 

Coal liquefaction products, like petroleum, are largely composed of hydro- 
carbons that are highly variable in properties depending on the feedstocks used 
and the processing conditions. In 1933, Watson and Nelson [l] emphasized that the 
value of physical property data on petroleum fractions is ". .. limited by the 
difficulty of correlating them into relationships of general applicablity." 
Petroleum scientists and engineers have defined a set of mathematical and 
graphical expressions, or correlations, that permit the estimation of properties 
of these complex mixtures. Among these is a parameter termed the characterization 
factor (Kw), introduced by Watson and Nelson in 1933 [l]  to denote the 
"paraffinicity" of petroleum hydrocarbon fractions. The Watson characterization 
factor is defined as follows: 

where Tb is the mid-boiling point in degrees Rankine (OR) and 
S is the specific gravity at 60 degrees Fahrenheit (OF). 

In addition to characterizing the "paraffinicity," K, has been used to estimate 
other properties. Watson and Nelson [ I ]  demonstrated that K, was useful for 
estimating the molecular weight and specific heat of petroleum fractions. Watson 
et al. [ 2 ]  related Kw to percent hydrogen, kinematic viscosity, and critical 
temperature of petroleum-derived products. Smith and Watson [31 found Kw to obey 
mixing rules. More recently, Wilson et al. [41 demonstrated that K, was useful 
for estimating the critical pressure of coal liquids. 

Initially, coal scientists and engineers used the bank of correlations 
developed for petroleum to estimate the properties of coal liquefaction products; 
however, it is now accepted that estimation of properties of coal liquids from 
existing petroleum data can introduce large errors [51. The deviations of 
properties from estimated values are believed to be caused by the higher con- 
centration of polar compounds and by the more aromatic nature of coal liquids 
relative to petroleum. Since the Watson characterization factor was originally 
introduced to denote "paraffinicity," a high correlation with percent hydrogen and 
the atomic-hydrogen,to-carbon ratio is expected. That is, the contribution of 
aromatic constituents to the properties of the mixture should be contained in this 
characterization factor. Attempts to account for the contribution of polar con- 
stituents to the properties of complex mixtures are more difficult. 

An assessment of the role of polar constituents in a coal liquid should 
ideally begin with a physical separation of the sample into functionally similar 
fractions. Methods used for the physical separation of coal-derived materials 
into chemical class fractions are numerous and varied, making the comparisons of 
data from the literature difficult. Because of the relatively high content of 
polar materials, Sample components from coal-derived products may be adsorbed 
irreversibly Onto liquid chromatographic stationary phase materials. Although 
specific detectors are necessary for making the fraction cuts, no suitable non- 
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destructive method is available for obtaining quantitative results for chemical 
class fractions using existing chromatographic detectors. Therefore, the frac- 
tions that are to be subjected to further characterization must be collected, the 
solvents removed, and the resulting fractions weighed to obtain quantitative 
results for the recovery of chemical class fractions. This is manpower-intensive 
and expensive, and can lead to imprecise results. High performance liquid 
chromatography (HPLC) eliminates some of the problems cited above. The speed and 
ease with which samples can be analyzed make HPLC appear as an attractive 
alternative to the more classical methods. Some major problems, however, still 
exist. To escape the need to pack the chromatographic column with new adsorbent 
after each separation, many HPLC methods require that only hexane-soluble 
materials are subjected to the chemical class separation; hexane insolubles are 
grouped into a broad, varied, and chemically undefined fraction called 
"asphaltenes." Asphaltenes from coal-derived materials may contain a high 
percentage of polar constituents that are not accounted for in polar class 
fractions. As mentioned previously, quantitation of the class fractions in these 
materials is difficult with most existing HPLC detectors. If correlations are 
found to be a function of the polar content of coal-derived materials, then it is 
necessary to characterize these constituents as carefully as possible if existing 
correlations are to be improved or new ones are to be developed. 

This manuscript introduces a correlation between the Watson characterization 
factor and weight percent of polar constituents of narrow-boiling (50°F) 
distillate cuts of a coal-derived material from the H-Coal process. Similar cor- 
relations have been found for  data previously reported by Gray et al. 151 for 
coal-derived distillate fractions from an SRC-I1 process. Finally, multiple 
linear least-squares treatment of the combined data from the H-Coal and SRC-I1 
distillates correlates Kw with weight percent polars, atomic H/C, and mid-boiling 
point of the distillates. These new correlations relating the polar content of 
coal-derived liquids to the Watson characterization factor may be particularly 
significant because, as noted by Gray et al. [51, deviations of the observed 
properties of coal liquids from values predicted by correlations based on 
petroleum data are, in part, due to the higher concentration of polar materials in 
coal liquids. Therefore, any insight into the relationship between the polar con- 
tent of coal liquids and other properties is valuable. 

Experimental 

The H-Coal liquid was produced at the Catlettsburg H-Coal Pilot Plant on 
September 25, 1981, while processing Illinois No. 6 coal in the synfuel mode of 
operation. A blend of "light oil" and "heavy oil" products (1:1.5) was distilled 
by Chevron into narrow-range distillates (50°F), or pseudocomponents. 
Specifically, 50°F boiling-range fractions were obtained over the boiling range 
from 400°F to 850°F; the start to 400°F fraction and the 850°F vacuum bottoms were 
also obtained. The preparative liquid chromatographic separation procedure 
applied t o  the H-Coal samples was a modification of methods that have been 
reported previously [6,7,8,91. Briefly, bases were first removed by a nonaqueous 
ion-exchange procedure [ 7 ] ,  and the remaining acid-neutral fraction was separated 
by column chromatography with alumina [ E ] .  This separation scheme produced 
fractions corresponding to saturates, neutral aromatics, neutral nitrogen com- 
pounds, nitrogen bases, and acids. In addition to the functional class 
separations, several chemical and physical measurements were made on these 
distillates. 

Determination of Bulk Properties 

The mid-boiling point was determined by ASTM Method D-2887 [lo]. Water was 
determined by the Karl Fischer method [ll] using sodium tartrate dihydrate for 
standardization. Elemental analyses for carbon and hydrogen were performed as 
described by Houde et al. [12]. Specific gravity at 6OoF was determined using a 
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pycnometer standardized w i t h  boiled deionized water. The atomic hydrogen/atomic 
carbon numbers were corrected to  a dry basis  using the Karl Fischer water r e s u l t s .  

The multiple l inear  least-squares regressions, associated s t a t i s t i c a l  param- 
e t e r s ,  and graphics were obtained on a PRO-350 ( D i g i t a l  Equipment Corporation) 
computer using a s t a t i s t i c a l  software package, RS/l ( a  trademark of BEN Research 
Systems i n  Cambridge, Mass.). 

Results and Discussion 

A correlation does not necessarily imply  a cause/effect re la t ionship;  ra ther ,  
it only confirms an observed mathematical re la t ionship f o r  a given data s e t .  If a 
correlation is found t o  be i n  agreement with measured values for  a large 
population, it can be viewed as  useful for  general predictions of a given 
property. In t h e  case of coal-derived mater ia ls ,  propert ies  may vary as  a 
function of the  sampling point, the uni t  sampled, the process, a n d  the feed coal 
used. The present invest igat ion compares correlat ions with the Watson charac- 
ter izat ion factor  from coal l iquids  derived from the SRC-I1 and H-Coal processes, 
both of which used bituminous feed coals .  For reasons ci ted e a r l i e r ,  data  from 
those samples s ign i f icant ly  soluble i n  hexane a r e  presented for  comparison. 
Results from property measurements relevant to  t h i s  manuscript a r e  presented w i t h  
the  associated data  f o r  the correlat ions (Tables 1 ,  2, 3 ,  and 4 ) .  

A correlation obtained using a multiple l inear  least-squares regression is 
evaluated for "goodness-of-fit" using several c r i t e r i a .  The software employed i n  
t h i s  work (RS/l) prompts the operator to se lec t  the best f i t  tha t  can be obtained 
from the input data .  The best f i t  is characterized by having a coeff ic ient  of 
l inear  multiple determination ( R z )  close to  one, a large F-Value (Regression Mean 
Square/Fiesidual Mean Square), a low standard deviation, and a low significance 
level .  Variables a r e  selected or deleted from the multiple determination based on 
t h e  par t ia l  correlat ion and significance leve l  of tha t  variable. This evaluation 
of property correlat ions with the Watson characterization factor  employed com- 
parable data from H-Coal d i s t i l l a t e s  and SRC-I1 d i s t i l l a t e s .  With noted 
exceptions, only the best  f i t ,  as  described above, is reported. 

Part I .  Correlations of K, w i t h  H-Coal Data 

A plot of Kw versus mid-boiling point ( K )  is given i n  Figure l a ,  and a plot 
of weight percent polars  (bases, acids ,  and neutral nitrogen compounds from 
Table 1 )  versus mid-boiling point is given i n  Figure l b .  The range of Kw values 
exhibited by these H-Coal d i s t i l l a t e s  is small, 9.84 t o  10.37. A comparison of 
these p l o t s  (Figure 1 )  reveals a negative correlat ion between t o t a l  polars and K,. 
A l inear least-squares regression of weight percent polars versus Kw reveals a 
correlation coef f ic ien t  ( R )  of -0.941, s ign i f icant  a t  the 99% confidence level  for  
N = 7.  The equation r e s u l t i n g  from t h e  regression is the following: 

K, = -0.0239 ( w t X  polars)  + 10.63 2)  

A correlation based on a multiple l inear  regression including the  H/C data  w i t h  
the weight percent polars versus K, d i d  not yield a good f i t  f o r  predicting K w ;  
the resul t  of the regression is the following: 

K, = -0.0239 (u t% polars) - 0.0109 ( H / C )  + 10.642 3 )  

The coeff ic ient  of l inear  multiple determination ( R z )  = 0.885 f o r  the regression 
represented by Equation ( 3 ) .  I f ,  however, the mid-boiling point (K) is intro- 
duced, a multiple l inear  least-squares f i t  to  the same data cor re la tes  percent 
polars, mid-boiling point (K),  and atomic H/C versus K, w i t h  R Z  = 0.980. The 
multiple regression equation is the following: 
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Kw = -0.0199 (wt$ polars) + 0.00265 (mid-boiling point, K) 
+ 1.52 (H/C) + 7.12 

4) 

These data, including the observed, predicted, residual values, percent difference 
(%A), and associated statistical parameters, are given in Table 2. 

Part 11. Correlations with Kw for Data from Distillates of SRC-I1 

In 1983, Gray and coworkers published a paper [5J and an extended report [13] 
that included the results of analyses of a series of 19 narrow-boiling distillate 
fractions of a product generated from SRC-I1 processing of Powhatan No. 5 Mine 
coal on Process Development Unit P-99 (located at Gulf's Research Center, 
Harmarville, Pa.). Chemical class fractions were obtained for each distillate 
fraction. Fluorescence Indicator Analysis (FIA) was applied to distillate 
fractions boiling below 589 K, yielding saturate, olefin, and total aromatic class 
fractions. "The polar fraction from FIA was calculated from three components: 
the phenolics content of the aromatics from a mass spectrometer analysis, nitrogen 
content, and sulfur content [5]." Preparative HPLC was used to separate the 
hexane-soluble portion of cuts boiling above 493 K into saturates and olefins, 
neutral aromatics, and polar aromatics. Hexane insolubles were grouped together 
as "asphaltenes .'I Results from property measurements relevant to this manuscript 
are presented with the associated data for the correlations (Tables 3 and 4) .  

A plot of Kw versus mid-boiling point (K) of the 14 distillate fractions con- 
sidered is given in Figure la, and a plot of weight percent polars is given in 
Figure l b .  The range of values for Kw is larger than that for the H-Coal distil- 
lates, 9.76 to 11.74. The shape of the Kw plot appears to be slightly bimodal. 
As in the case of the H-Coal results (also Figure l), comparison of the plots 
appears to reveal a negative correlation of total polars versus Kw. Note that the 
SRC-I1 case includes data from a much wider boiling range than was included in the 
H-Coal case. A linear least-squares treatment of the data derived from the SRC-I1 
samples 1-7 in Table 3 ( N . 7 ,  as in the H-Coal case) yields a correlation 
coefficient of -0.969, significant at the 99.9% confidence level, for weight 
percent polars versus Kw. However, if all 14 SRC-I1 distillates are included in a 
least-squares treatment of Kw with percent polars, the correlation coefficient is 
reduced to -0.5773, statistically significant at the 95% confidence level but 
useless for accurate property prediction. However, as shown below, Kw is not 
simply a function of polars present, and the dependence of Kw on other properties 
is more important as the boiling range covered by the pseudocomponents is 
increased. The resulting linear least-squares correlation for the 14 SRC-I1 
distillates is given in Equation (5). 

K, = -0.0262 (wt% polars) + 10.87 5) 

Equation (5), resulting from a linear least-squares treatment of the SRC-I1 data, 
is strikingly similar to Equation (2) resulting from the same treatment of the 
H-Coal data. A multiple linear least-squares regression of the data for the 14 
SRC-I1 distillates correlates weight percent polars and atomic H/C versus Kw with 
R2 I 0.9943. The multiple regression equation that fits the Kw data is the 
following: 

Kw = -0.0118 (wt% polars) + 1.84 (H/C) + 8.03 6 )  

These data, including the observed, predicted, residual values, percent deviation, 
and associated statistical parameters, are given in Table 3. The resulting 
Equation (61, which represents a best fit of the SRC-I1 data, should be compared 
with Equation (3), which was a poor fit for the H-Coal data. Both data sets yield 
a negative correlation with total polars, but the dependence on H/C in this 
regression of the data is different. 
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Although Equation ( 6 )  represents the best f i t  of the SRC-I1 data ,  a good f i t  
for the correlat ion of Kw with percent polars, H/C ,  and mid-boiling point ( K )  is  
given i n  Equation ( 7 ) .  

Kw = -0.0106 (wt$ polars)  + 0.000651 (mid-boiling-point, K )  + 
2.05 ( H / C )  + 7.38 7 )  

The value of R Z  was 0.995, and the F-Value was 605.8. A comparison of 
Equation ( 7 )  f o r  SRC-I1 d i s t i l l a t e s  and Equation ( 4 )  for the H-Coal d i s t i l l a t e s  
reveals the re la t ive  s ignif icance of each variable to  the correlat ion w i t h  Kw.  

Part 111. Correlations with K,., for  Combined H-Coal and SRC-I1 Data 
~ ~~~ 

The plots  of  Kw (Figure l a )  and weight percent polars  ( F i g u r e  lb)  versus mid- 
boiling point of the d i s t i l l a t e s  reveal several s i m i l a r i t i e s  i n  these data s e t s .  
The Kw values a re  similar. In the range of mid-boiling points between 490 K and 
550 K ,  the trends for  weight percent polars a r e  s imilar .  The divergence of the 
trends for weight percent polars i n  the two data  s e t s  is  suspect based on the 
s imilar i ty  of Kw i n  the data s e t s .  One plausible  explanation can be found i n  the 
differences i n  the procedures used to  i so la te  the polar f ract ions.  Gray [13] 
reported 17.4% asphaltenes i n  the d i s t i l l a t e  cu t  a t  mid-boiling point 671.3 K .  I n  
the SRC-I1 case, these asphaltenes (hexane insolubles)  were removed from the 
sample before the polars  were isolated by preparative HPLC. Surely, the 
asphaltenes included polars  as  constituents tha t  were not recovered. On the other 
hand, asphaltenes were not removed from the H-Coal d i s t i l l a t e s ;  instead, the 
en t i re  sample was subjected t o  the complete separation scheme. The highest- 
boiling H-Coal d i s t i l l a t e  (mid-boiling point = 650.8 K )  included i n  the combined 
data se t s  contained 6.9% hexane insolubles tha t  would not have been analyzed for 
polars i n  the procedure used by Gray. 

A multiple l inear  least-squares treatment of the combined data (combining 7 
H-Coal d i s t i l l a t e s  and 14 SRC-I1 d i s t i l l a t e s )  cor re la tes  weight percent polars, 
mid-boiling point ( K ) ,  and H/C versus Kw w i t h  R 2  = 0.987. The multiple regression 
equation tha t  best f i t s  the combined data  is the following: 

Kw I -0.00685 (wt$ polars)  + 0.00278 (mid-boiling point ,  K )  
+ 2.73 ( H / C )  + 5.28 

These data ,  including the  observed and predicted values, a re  given i n  Table 4; the 
observed versus t h e  predicted K, a re  plot ted i n  Figure 2. 

Conclusions 

A negative correlat ion e x i s t s  for the weight percent polar const i tuents  
versus Kw for d i s t i l l a t e s  derived from these coal l iqu ids .  Undoubtedly, Kw is 
also a function of the aromatics present; but the contributions of the aromatic 
functionality should be contained in the H/C measurement. A t  l e a s t  for these data  
s e t s ,  the weight percent of neutral aromatics does not change s igni f icant ly  i n  
adjacent d i s t i l l a t e s ,  whereas s ignif icant  concentrations of polars a r e  confined t o  
two d is t inc t  regions within the boiling range of the d i s t i l l a t e s  (see Table 1 ) .  

The re la t ive  contributions of acids  and bases to  t h i s  correlat ion a r e  
d i f f i c u l t  to assess .  Gray and coworkers [5,131 did not separate these polar sub- 
fractions. However, a high correlation w i t h  polars ,  although not the same cor- 
relation, was found for  the SRC-I1 data and f o r  the H-Coal data .  There is no 
reason t o  assume that  the  same correlation e x i s t s  for acidic  or basic components 
of the polar f ract ion.  There is also no reason t o  assume that  the i r  re la t ive  con- 
tributions to  Kw would not change from sample to  sample. Changes i n  K w  a t t r ibu ted  
to  the weight percent polars  present may also r e f l e c t  the degree of association 

i 
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between the acidic and basic components. The role of both functional groups 
should be assessed. 

It is unlikely that correlations that would be generally applicable to coal 
liquids can be extracted from only two data sets. However, the data sets 
presented were obtained on coal liquids produced from two different bituminous 
feed coals from different processes. Yet, an excellent correlation is found that 
fits the data for  the characterization factor, Kw. Subbituminous feed Coals may 
yield different fits for the Watson characterization factor. 
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Table 1 .  

Weight Percent of  Various Compound Classes in H-Coal D i s t i l l a t e s ,  
Normalized to  100 Percent Recovery 

Mid-Boiling Neutral Neutral 
Point, K Saturates  Aromatics Bases Acids Nitrogen 

493.6 
513.6 
538.0 
566.9 
595.8 
623.0 
650.8 

30.0 51 .O 8.76 10.0 0.24 
31 .O 55.0 5.50 6.5 2.00 
29.5 60.5 3.15 6.5 0.35 
25.5 61 .O 7.90 4.5 1.10 
22.5 61.5 7.29 8.5 0.21 
13.9 63.9 11.50 6.3 4.40 
13.0 56.0 22.06 8.0 0.94 
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Table 2. 

Results of Multiple Linear Least-Squares Regression of K, Using Weight Percent 
Polars, Mid-Boiling Point, and Atomic H/C for H-Coal Distillates 

KW -0.0 19876( wt% polars ) +O. 00265(mid-boil ing 
+1.521086(H/C) +7.118681a 

point, K) 

Weight 
Mid-Boiling Percent HIC KW KW 
Point, K Polars (dry) (observed) (predicted) Residualb %Ab 

493.6 19.0 1.375 10.15 10.140 0.009 0.092 
513.6 14.0 1.351 10.26 10.256 0.003 0.033 
538.0 10.0 1.360 10.37 10.414 -0.044 0.429 
566.9 13.5 1.235 10.25 10.231 0.018 0.182 
595.8 16.0 1.277 10.34 10.322 0.017 0.173 
623.0 22.2 1.198 10.17 10.150 0.019 0.189 
650.8 31.0 1.076 9.84 9.864 -0.024 0.244 

Variable 
Name 

Coefficient Standard Sig. 
Value Deviation level 

I 

I 

Weight Percent Polars -0.019876 0.003605 0.011745 
Mid-Boiling Point, K 0.002650 0.000696 0.03 1869 
HIC (dry) 1.521086 0.459905 0.04548 1 

Analysis of Variance Table 

I 

t 
Y 

I 

sum of Mean Sig. Multi Std Deviation 
Squares OF Square F Value Level R' of Regression 

Regression 0.183857 3 0.061286 49.88 0.0016 0.9803 0.0351 
Residual 0.003686 3 0.001229 

%A I ( I Residual 1 IK,observed) x 100 

acoefficients and constant term generated by RSIl before adjusting to appropriate 
significant figures. 

bcalculated before rounding off K, (predicted). 

21 1 



Table 3. 

Results of Multiple Linear Least-Squares Regression o f  K, Using 
Percent Polars and Atomic H / C  for SRC-I1 D i s t i l l a t e s  

K, = -0.01 1807(wt% polars) +1.840546(H/C) +8.028509a 

Weight 
Mid-Boiling Percent H/C K, K, 

Point, K Polars  (dry)  (observed) (pred ic ted)  Residualb %Ab 

339.7 0.00 2.040 11.74 11.783 -0.045 0.387 
372.4 1.60 1.846 11.36 11.408 -0.046 0.406 
393.6 2.50 1.898 11.59 11.493 0.095 0.824 
410.2 5.70 1.699 11.12 11.088 0.035 0.319 
439.7 29.50 1.487 10.33 10.417 -0.085 0.824 
468.6 52.00 1.353 9.92 9.905 0.012 0.129 
493.0 39.55 1.316 9.99 9.985 0.002 0.028 
524.7 32.40 1.279 10.05 10.001 0.053 0.527 
547.4 20.95 1.315 10.16 10.201 -0.044 0.442 
571.9 13.80 1.131 9.92 9.948 -0.032 0.328 
573.0 14.45 1.208 10.13 10.082 0.050 0.497 
615.2 12.10 1.090 9.96 9.892 0.062 0.630 
650.2 12.85 1.027 9.76 9.767 -0.003 0.038 
671.3 7.30 1.015 9.76 9.810 -0.055 0.564 

Variable 
Name 

Coefficient Standard Sig . 
Value Deviation Level 

Weight Percent Polars 
H/C (dry) 

-0.01 1807 
1.840546 

0.0011 15 
0.05 1536 

0.0001 
0.0001 

Analysis of Variance Table 

sum Of Mean Sig.  Multi Std Deviation 
Squares DF Square F Value Level R' of Regression 

Regression 6.521707 2 3.260854 959.38 0.0001 0.9943 0.0583 
Residual 0.037388 1 1  0.003399 

%A ( I Residual I /K,observed) x 100 

acoefficients and constant term generated by RS/1 before adjusting t o  appropriate 

bCalculated before rounding off K, (p red ic ted) .  

s ign i f icant  f igures .  
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Table 4. 

Results of Multiple Linear Least-Squares Regression of For Combined Data: 
SRC-I1 (Rows 1 to 14) and H-Coal (Rows 15 to 21) 

Kw i -0.006847(wt% polars) +0.002776(mid-boiling point, K) 
+2.734032(H/C) +5.27978aa 

Weight Hid- 
Sample Percent H/C Boiling K, KW 
No. polars (dry) Point, K (observed) (predicted) Residualb %Ab 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

\ 

0.00 2.040 339.7 
1.60 1.846 372.4 
2.50 1.898 393.6 
5.70 1.699 410.2 
29.50 1.480 439.7 
52.00 1.353 468.6 
39.55 1.318 493.0 
32.40 1.279 524.7 
20.95 1.315 547.4 
13.80 1.131 571.9 
14.45 1.208 573.0 
12.10 1.090 615.2 
12.85 1.027 650.2 
7.30 1.015 671.3 
19.00 1.375 493.6 
14.00 1.351 513.6 
10.00 1.360 538.0 
13.50 1.235 566.9 
16.00 1.277 595.8 
22.20 1.198 623.0 
31.00 1.076 650.8 

11.74 
11.36 
11.59 
11.12 
10.33 
9.92 
9.99 
10.05 
10.16 
9.92 
10.13 
9.96 
9.76 
9.76 
10.15 
10.26 
10.37 
10.25 
10.34 
10.17 
9.84 

1 1  .a00 
11.351 
11.546 
11.024 
10.363 
9.924 
9.977 
10.013 
10.251 
9.067 
10.016 
9.886 
9.805 
9.869 
10.279 
10.303 
10.423 
10.137 
10.315 
10.132 
9.816 

-0.062 
0.010 
0.042 
0.099 
-0.03 1 
-0.006 
0.010 
0.040 
-0.094 
0.048 
0.056 
-0.069 
-0.041 
-0.113 
-0.129 
-0.043 
-0.053 
0.112 
0.024 
0.037 
0.023 

0.533 
0.096 
0.369 
0.891 
0.310 
0.066 
0.102 
0.407 
0.932 
0.492 
0.559 
0.701 
0.427 
1.161 
1.274 
0.423 
0.513 
1.096 
0.236 
0.367 
0.243 

Variable 
Name 

Coefficient Standard Sig. 
Value Deviation Level 

Weight Percent Polars -0.006847 0.001725 0.0010 
H/C (dry) 2.734032 0.237914 0.0001 
Mid-Boiling Point, K 0.002776 0.000667 0.0010 

~ ~~~ - 

$A i ( I Residual I /K,observed) x 100 

acoefficients and constant term generated by RS/l before adjusting to appropriate 
significant figures. 

bcalculated before rounding off K, (predicted). 
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Table 4. (Continued) 

~~~ 

Analysis of Variance Table 

sum of Mean Sig. Multi Std Deviation 
Squares DF Square F Value Level R 2  of Regression 

Regression 6.875659 3 2.291886 437.59 0.0001 0.9872 0.0724 
Residual 0.089038 17 0.005238 

12.0 

0 

E 11.0 
.u K 
I X 

10.0 

10.0 11.0 12.0 
Kw , observed 

Figure 2- Plot of Kw (observed) for Combined SRC-II 
ond H-Coal Dolo versus Kw (predicted) by 
Multiple Regression). 

'Equation for linear leost-aquores line of best fit .  
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INTRODUCTION 

Extensive deposi ts  o f  o i l  shale have been found(1) i n  t h e  Eastern 
U.S. While these deposi ts  are reasonably r i c h  i n  organic  carbon content ,  t h e  
shales y i e l d  on l y  about 10 ga l / t on  o f  rock by simple r e t o r t i n g ,  F ischer  Assay 
(FA). This represents on l y  about one - th i rd  o f  t h e  a v a i l a b l e  carbon, so 
techniques, such as hydrogen donor so l va t i on ,  are be ing app l i ed  t o  increase 
carbon recovery. The o b j e c t i v e  o f  t h i s  paper i s  t o  summarize y i e l d  data from 
t h e  conversion o f  two Eastern U.S. shales and t o  prov ide a c h a r a c t e r i z a t i o n  o f  
products from two rep resen ta t i ve  runs. 

EXPERIMENTAL 

Two samples of Eastern U.S. shales were used. The f i r s t  was taken 
from the  H i l p a t  s i t e  (Fleming Co., KY), and i t  i s  c l a s s i f i e d  as a Cleveland 
member, Ohio shale. The second shale was mined a t  t h e  Black Shale No. 1 s i t e ,  
M a r y s v i l l e  (Clark  Co., I N ) .  It i s  a Clegg Creek member, New Albany (Devonian) 
shale. The shales had F ischer  Assays o f  10.1 and 11.8 ga l / t on  and carbon 
contents  o f  12.2 and 12.0, respec t i ve l y .  The so l ven ts  were obta ined from 
Fisher  S c i e n t i f i c ,  and they were used as received. 

The experiments were made i n  a "cascade u n i t "  c o n s i s t i n g  o f  a s e r i e s  
o f  t h ree  reac to rs  arranged such t h a t  a feed s l u r r y  o f  shale w i t h  so lvent ,  
t e t r a l i n ,  was i n j e c t e d  from a feed tank i n t o  a preheated reactor .  A f t e r  t he  
reac t i on  per iod of 1 hr, t he  products  were q u i c k l y  t r a n s f e r r e d  i n t o  a co ld  
receiver ,  from which they were recovered f o r  analys is .  The amount o f  s l u r r y  
re ta ined  i n  t h e  feed tank was determined by to luene f l u s h i n g  and Soxhlet 
ex t rac t i on .  The gases were analyzed us ing  a Car le  l l l A  u n i t .  The l i q u i d  
p o r t i o n  o f  the raw s l u r r y  product was analyzed by GC/MS (F inn igan 9600). The 
raw s l u r r y  was f i l t e r e d ;  t he  f i l t r a t e  was s t r i p p e d  ( N  @ 9ooc) t o  recover 
" reac to r  residue", and t h e  cake was Soxhlet e x t r a c t e i  t o  recover to luene 
inso lub les  and asphaltenes. The reac to r  and rece ive r  were a l s o  f l ushed  w i t h  
to luene and the  s l u r r y  was analyzed as shown i n  t h e  m a t e r i a l  balances of 
F igures 1 and 2. I n  summary, t h e  products consis ted o f  gases, d i s t i l l a t e  ( the  
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l i q u i d s  i d e n t i f i e d  by GC/MS b o i l i n g  between C4 and about C20. but excluding 
donor solvent,  namely t e t r a l i n ,  naphthalene, 1-methylindan, and butylbenzene). 
reactor res idue (bottoms from f i l t r a t e  s t r i p p i n g ) ,  asphaltenes ( to luene 
solubles f rom Soxhlet  e x t r a c t i o n ) ,  and to luene inso lub les .  

A ma te r ia l  balance o f  the  Indiana shale run (445OC. 60 min) i s  given 
i n  F igure  1. Of t h e  148 g of moisture f ree  (MF) sha le  placed i n  the feed 
tank, 104 g was t r a n s f e r r e d  t o  the  reac tor .  This shale was recovered as 93 g 
toluene i n s o l u b l e s ,  1.3 g asphaltenes ( to luene so lub les) ,  3.4 g reac tor  
residue, 2.4 g d i s t i l l a t e s ,  and 2.8 g of gases ( i n c l u d i n g  H2s, C02, etc. but  
not i nc lud ing  N2 t r a n s f e r  gas). On a mineral  mat te r  basis,  recovery was 98%. 
and on a carbon bas is .  namely sha le  carbon fed  vs product carbons (excluding 
solvent)  t h e  balance was 96.6%. 

A comparable run  was made w i t h  H i l p a t  shale (see F igure  2). O f  the  
146 g MF shale charged, 141 was t r a n s f e r r e d  t o  t h e  reac tor .  The shale was 
recovered as 121 g to luene inso lub les ,  3.9 g asphaltenes, 2.6 g reac tor  
residue, 4.4 g d i s t i l l a t e ,  and 2.2 g gases (but H$ was not determined). The 
mater ia l  balance o f  mineral  mat te r  was about 98%. and t h e  carbon balance was 
99.6%. 

Using as a bas is  100 u n i t s  o f  organic carbon i n  the  feed shale, the  
overa l l  d i s t r i b u t i o n  o f  product f r a c t i o n s  from both  t h e  FA and donor solvent 
runs i s  given i n  Table 1. The product f r a c t i o n s  are ca tegor ized  as shale- 
der ived o r  solvent-der ived. A l l  hydrocarbon gases a re  assumed t o  be shale 
related. With t h e  except ion of so lvent  dimers (i.e. d i t e t r a l i n ,  etc.), a l l  
d i s t i l l a t e s  a re  assumed t o  be shale-der ived. Adducted t e t r a l i n  and 
naphthalene d e r i v a t i v e s ,  as est imated from 'H and 13C NMR, a re  reported as 
such. Toluene i n s o l u b l e s  are considered t o  be unconverted shale. ( A l l  o f  
these assumptions w i l l  be discussed below.) 

Gases - 
The y i e l d s  o f  gases f r o m  the  FA pyrolyses were e s s e n t i a l l y  the  same 

as those of t he  donor so lvent  runs, namely.about 12% f o r  Indiana shale and 6% 
fo r  H i l p a t  shale. On a carbon basis, t h e  d i s t r i b u t i o n  o f  gases was C 1  > C2 > 

D i s t i l l a t e s  

c3 > c4+ > coq + co. 

The recover ies  o f  d i s t i l l a t e ,  designated o i l ,  from t h e  FA py ro l ys i s  
of Indiana and H i l p a t  shales were 11.8 and 10.0 g a l / t o n  o r  32 and 29% carbon 
recoveries. The o i l s  had s i m i l a r  l e v e l s  o f  hydrogen (10.1 w t % ) ,  n i t rogen  
(1.2 w t % ) ,  and s u l f u r  (1.6 and 1.8 w t % ) .  The H i l p a t - d e r i v e d  o i l  contained 
more oxygen, though (3.1 vs 1.7 a%). 

As shown i n  Figures 3 and 4. t h e  b o i l i n g  p o i n t  d i s t r i b u t i o n s  o f  the 
t w o  O i l s  were g r e a t l y  d i f f e r e n t .  The H i l p a t  o i l  was o f  much h igher  b o i l i n g  
po in t .  and i t  a l s o  contained a regu la r  p a t t e r n  o f  a l k y l  components above the  
broad envelope o f  compounds. The MS s igna ls  o f  about 105 pr imary  components 
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o f  bo th  f r a c t i o n s  were charac ter ized .  The d i s t r i b u t i o n s  o f  t h e  compound 
classes are shown i n  Table 2. While both o i l s  contained t h e  same l e v e l  o f  
alkanes (25%).  H i l p a t  o i l  contained more alkanes (17 vs 10%).  The Indiana 
der ived  o i l s  had much h igher  l e v e l s  o f  cycloalkanes and cycloalkenes (15 and 
11% vs 4 and 0.5%. r e s p e c t i v e l y ) .  While both o i l s  had comparable l e v e l s  o f  
alkylbenzenes (27-30%). t h e  Hi lpat-der i .ved o i l  contained much h igher  l e v e l s  o f  
a l k y l  naphthalenes and indanes ( 1 3  and 10% vs 1 and 2%. r e s p e c t i v e l y ) .  I n  
summary, t h e  Indiana shale o i l  contained more c y c l o p a r a f f i n s  wh i l e  t h e  H i l p a t  
shale o i l  contained more a l k y l  naphthalenes and indanes. 

The compi la t ion  o f  GC/MS r e s u l t s  o f  t h e  donor so lvent  runs are a l so  
given i n  Table 2. While t h e  d i s t i l l a t e  product o f  t h e  p y r o l y s i s  o f  Indiana 
shale i s  about evenly d i v i d e d  between pa ra f f i ns ,  c y c l o p a r a f f i n s  and 
subs t i t u ted  benzenes (C1 through Cg), t h e  donor so lvent  product has these 
components i n  a d d i t i o n  t o  naphthalenes and hydronaphthalenes. I n  t h e  case of 
H i l p a t  shale, p y r o l y s i s  d i s t i l l a t e  p r i m a r i l y  cons is ts  o f  p a r a f f i n s ,  benzenes 
and naphthalenes, and the  donor process r e s u l t s  i n  an inc rease i n  t h e  l e v e l  of 
naphthalenes and hydronaphthalenes. 

Several aspects should be considered i n  d iscuss ing  t h e  above 
y i e l d s .  F i r s t .  Eastern shale i s  somewhat c o a l - l i k e  and aromat ic systems would 
be expected i n  the  product. Second, p y r o l y s i s  r e s u l t s  i n  t h e  rup tu re  of 
bonds, and t h e  a b s t r a c t i o n  o f  a v a i l a b l e  hydrogen from sources such as 
hydronaphthalenes. Third,  t he re  i s  a h igh  l eve l  o f  basic c a t a l y t i c  surface 
avai  1 ab1 e which would promote a1 k y l  a t ion .  isomerizat ion,  and d imer iza t ion .  
Therefore. t e t r a l i n  and naphthalene ava i l ab le  from t h e  so lvent  system are  
l i k e l y  t o  become a l ky la ted  i f  f r e e  a l k y l  groups a re  a v a i l a b l e  f rom the  
c rack ing  of shale kerogen. 

It appears t h a t  a l l  o f  these aspects are present w i t h  major 
d i f fe rences  between t h e  two shales. I n  t h e  case o f  Indiana shale, much less  
so lvent  d i m e r i z a t i o n  i s  observed than w i t h  H i l p a t  shale, namely 0 . 1  out  of 
15.7% d i s t i l l a t e  y i e l d  versus 2.3 out o f  23.6%. It would appear t h a t  t h e  rock 
ma t r i x  o f  t he  Indiana shale would have a r e l a t i v e l y  low a c t i v i t y  f o r  
a l ky la t i on ,  and there fore ,  much o f  t h e  h igh  y i e l d  o f  naphthalenes and 
hydronaphthalenes may be shale-derived. Fo r tu i t ous l y ,  an Indiana run (430°,  
30 min) was made i n  which some f l u s h  to luene was l e f t  i n  t h e  reac to r  f rom a 
previous clean-up. The r a t i o  o f  to luene t o  t e t r a l i n  (o r  shale) was about 
3 : l .  A h igh  y i e l d  o f  alkylbenzenes was observed (28% vs 11%). I n  p a r t i c u l a r ,  
15% o f  the  t o t a l  d i s t i l l a t e  product was xylene, wh i l e  t h e  normal y i e l d  i s  1- 
2%. The y i e l d  o f  ethylbenzene was 8.8%. wh i le  t h e  normal y i e l d  i s  about 3%. 
hre t o  an apparent h igh  l e v e l  b a s i c i t y  o f  H i l p a t  shale and because a high 
y i e l d  o f  dimers i s  observed i n  t h e  d i s t i l l a t e  product (1.e. 10% o f  t h e  
d i s t i l l a t e ;  2% of the  t o t a l  product) ,  i t  would appear t h a t  even more 
t r a n s a l k y l a t i o n  occurred i n  the  processing o f  H i l p a t  shale. 

As a t e s t  o f  t ransa l  ky la t i on ,  two micro-autoclave experiments were 
made a t  45OOC and an h r  reac t i on  per iod  us ing  equal charges o f  H i l p a t  shale 
and t e t r a l i n .  The f i r s t  run was made w i t h  commercial t e t r a l i n ,  and the  second 
w i t h  t e t r a l i n  having a 1% l a b e l  a t  t h e  a-posi t ion.  Experimental techniques 
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are sumar i zed  i n  re fe rence  2. The d i s t i l l a t e  l i q u i d s  from both runs were 
character ized by GC/MS. S p e c i f i c  chromatographic peaks t h a t  appeared t o  be 
so lvent-der ived were s tud ied  by examining t h e  most in tense i o n  and t h e  
corresponding 13C i o n  t o  c a l c u l a t e  t h e  amount o f  t h a t  component due t o  
1%-l abel ed so l  vent. 

I n  t h e  case o f  1-methylnaphthalene, 78% o f  t h i s  product i n  t h e  
d i s t i l l a t e  was d e r i v e d  from the  donor so lvent  ( 1 % - t e t r a l i n )  and 22% from t h e  
shale. The f o l l o w i n g  s p e c i f i c  components were a l so  i d e n t i f i e d  as being donor 
solvent-derived: 2-methylnaphthalene-86%, I-ethylnaphthalene-82%, 2-ethy l -  
naphthalene-88%, 1-methy l te t ra l in-861,  e t h y l t e t r a l i n - 8 8 % ,  and propy l  - 
te ta l in-86%. I n  summary, about 70% o f  t h e  naphthalene and t e t r a l i n  sub- 
f r a c t i o n s  o f  t he  d i s t i l l a t e  o f  t he  H i l p a t  run  was so lvent-der ived a f t e r  t h e  
a1 kylcarbons are sub t rac ted  o f f .  Therefore, of the 21.3% "shale-derived' '  
d i s t i l l a t e s  l i s t e d  i n  Table 1 f o r  H i l p a t  shale, about 6.0% may a c t u a l l y  be 
so lvent-der ived w i t h  t h e  remaining 15.3% being shale-derived. (While t h e  
c a t a l y t i c  a c t i v i t y  o f  t he  Indiana shale appears t o  be low, a d e t a i l e d  exper i -  
ment would be necessary t o  con f i rm  t h a t  l ess  t r a n s a l k y l a t i o n  would occur than 
t h a t  observed w i t h  H i l p a t  shale.) 

Heavy L iqu ids 

The heavy l i q u i d  products  o f  the donor so lvent  runs consis ted o f  
asphaltenes and r e a c t o r  residue; no apprec iab le to luene ex t rac tab les  were 
found i n  the  FA s o l i d s .  The f o l l o w i n g  t a b l e  sumar i zes  t h e  analyses o f  t h e  
combined heavy f r a c t i o n s  from the  H i l p a t  and Indiana runs: 

Element Carbon Hydrogen H/C Nit rogen Oxygen S u l f u r  

Shale 
- I n d i a n a  82.4 7.1 1.03 2.4 2.3 5.8 

Hi  1 pat 86.3 7.1 0.99 1.9 1.5 3.2 

I n  sumnary. t h e  H/C r a t i o s  o f  these heavy products were e s s e n t i a l l y  the same 
and the Ind iana shale-der ived product was h ighe r  i n  heteroatom content. As a 
note: t h e  reac to r  res idues were h igher  i n  hydrogen, n i t rogen  and oxygen than 
the  asphaltenes, but  lower  i n  su l fu r .  

The, chara t e r i s t i c s  o f  t he  res idue and asphaltene f rac t i ons  were 
examined by H and c13C NMR us ing  xperimental techniques o u t l i n e d  i n  another 
paper presented a t  t h i s  meeting.($ Spectra con ta in  a l a r g e  number o f  sharp 
s ignals  i n  t h e  aromat ic  reg ion.  These sharp s igna ls  are due t o  t h e  presence 
of t r i m e r s  and adducted species produced from t h e  so lvents .  The broad 
under l y ing  resonance i n  t h e  aromatic reg ion i s  due t o  aromatic ma te r ia l  from 
the  shale. The a r o m a t i c i t i e s  o f  these o i l s  are high, i n  t h e  range o f  75-80% 
of the t o t a l  carbon. The aromatic reg ion can be d i v ided  i n t o  th ree  bas ic  
regions; s u b s t i t u t e d  a l k y l l a r y l l h e t e r o a t o m  (133.5 ppm - end of aromat ic) ;  
b r i dge  carbon (133.5-129.5 ppm) ; and noo-subst i tu ted aromat ic  carbon. In 
add i t i on ,  an es t ima te  o f  t he  aromatic carbon from te t ra l i n /naph tha lene  i s  made 
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and given i n  Table 3. Another s t r u c t u r a l  parameter a v a i l a b l e  from 13C NMR i s  
t h e  chain r a t i o .  The h igher  the  chain r a t i o  the  longer  t h e  chain.  However, 
an average chain l eng th  cannot be computed i n  t h i s  case because t h e  sample i s  
a m ix tu re  o f  aromatic and a l i p h a t i c  ,s t ructures.  The a l i p h a t i c  s t r u c t u r a l  
parameters given i n  Table 3 are from H NMR which g ives a b e t t e r  ana lys i s  o f  
t h i s  reg ion  than 13C NMR. 

An examination o f  t h e  NMR data given i n  Table 3 shows t h a t  t he  
asphaltenes der ived from t h e  two shale samples a re  s i m i l a r .  A comparison o f  
t h e  asphaltenes o f  t he  two shales shows s l i g h t  d i f f e rences  i n  t h e  a l i p h a t i c  
carbon, a t o  aromatic carbon content, hydroaromatic content  and long  chain 
content. The h igher  a t o  aromatic carbon content i n  the  Indiana shale l i q u i d  
i s  i n  agreement w i t h  t h e  l a r g e r  amount o f  a l k y l  s u b s t i t u t e d  aromat ic  carbon. 
The s l i g h t l y  h igher  l e v e l  o f  hydroaromatic carbon i n  t h e  H i l p a t  shale i s  due 
t o  both t e t r a l i n  and t o  hydroaromatic s t r u c t u r e s  i n  t h e  shale. The h ighe r  
l e v e l  o f  l ong  chain ma te r ia l  i n  t h e  H i l p a t  shale corresponds w i t h  t h e  h ighe r  
chain r a t i o  i n  t h i s  sample. 

The Indiana spect ra have more sharp l i n e s  than the  H i l p a t  spec t ra  i n  
t h e  aromatic reg ion i n d i c a t i n g  t h e  presence o f  more adducted t e t r a l i n  and 
naphthalene. This i s  a l so  r e f l e c t e d  i n  t h e  naphthalene content o f  t he  Ind iana 
shale heavy product. The Ind iana shale heavy product a l s o  has more 
heteroatom/aryl s u b s t i t u t e d  aromatic carbon than does t h e  H i l p a t .  Th i s  i s  
p a r t i a l l y  due t o  both adducted naphthalene and t o  t h e  h ighe r  heteroatom 
content  o f  the Ind iana asphaltenes. 

Rock Matr ix ,  Minera ls  

b e  t o  apparent d i f f e r e n t  c a t a l y t i c  p roper t i es  o f  t h e  two shales, an 
x-ray mineral ana lys i s  was done us ing  a P h i l i p s  APD-3100 d i f f rac tomete r .  The 
r e s u l t s  were analyzed us ing  a technique, "X-Ray Powder D i f f r a c t i o n  Search 
System," of G. G. Johnson o f  Penn S ta te  Un ive rs i t y .  While bo th  t h e  Ind iana 
and H i l p a t  shales have quar tz  (5040%) and mon tmor i l l on i te  (6-10%) as major 
components, t he  H i l p a t  shale conta ins more a l k a l i  metal (Na, K )  components 
than does the Indiana shale. As po in ted  out  by K. Tanabe(41, t h e  mre basic  a 
c a t a l y s t  ( o r  c l a y ) .  t h e  more l i k e l y  t h a t  i t  i s  t o  promote polymer izat ion,  
i somer i za t i on  and a l k y l a t i o n .  This observat ion i s  cons i s ten t  w i t h  t h e  r e s u l t s  
discussed herein. 

CONCLUSIONS 

Extensive conversion o f  two samples o f  Eastern U.S. Shale has been 
accomplished us ing  a hydrogen donor so l ven t  system i n  a DOE sponsored 
p ro jec t .  I n  a se r ies  o f  p rev ious l y  repor ted autoc lave runs, t h e  e x t e n t  o f  
conversion o f  t h e  organic  carbon va r ied  from 20 t o  75% depending upon 
temperature. reac t i on  time. and so l ven t  type. As a comparison, t h e  F ischer  
Assay (FA) conversions of these shales were about 40%. Selected products  from 
t h e  FA runs and two "cascade u n i t "  ( s l u r r y  i n j e c t i o n )  runs made a t  45OOC and 1 
h r  us ing a donor-solvent process were analyzed by elemental,  GC/MS, and NMR 
techniques. The y i e l d s  o f  gases from t h e  donor-solvent and FA processes were 
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about equ iva len t .  More d i s t i l l a t e s  were recovered from t h e  FA runs bu t  heavy 
f r a c t i o n s  were recovered from t h e  donor-solvent process wh i l e  no t  present from 
t h e  FA runs. Composit ional t rends  observed i n  t h e  FA l i q u i d s ,  such as high 
l eve l s  o f  alkanes and cycloalkanes, appeared t o  c a r r y  over i n t o  the  l i q u i d s  
from t h e  donor-so lvent  systems. Two experiments were made us ing e i t h e r  
unlabeled o r  1%- labeled donor so lvent ,  t e t r a l i n .  t o  i s o l a t e  so lvent  der ived 
products from those generated from t h e  kerogen. It was shown t h a t  a h igh 
l e v e l  o f  t r a n s a l  k y l a t i o n  occurred between the  shale-der ived species and the 
so lvent ;  t he re fo re ,  a p o r t i o n  of t he  donor so l ven t  can appear i n  the h igher  
b o i l i n g  d i s t i l l a t e  f r a c t i o n s .  S i m i l a r l y ,  a s i z a b l e  l e v e l  o f  so lvent  adduction 
w i t h  t h e  shale-der ived heavy f rac t i ons  occurs. These react ions appear t o  be 
re la ted  t o  shale b a s i c i t y .  
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Shale 

Run Condit ions 
("C/MIN) 

Table 1 

D i s t r i b u t i o n  o f  Products on a Carbon Basis 

Indiana H i  1 pat 

F.A. T e t r a l i n  F.A. T e t r a l i n  
m 4 0  m 4 0  a4ITsb 

Yie ld  (on Carbon) 

- Gases 12.7 11.1 5.8 6.6 

O i  s t i  11 a tes  
Shale-deri ved 32.5 15.6 29.3 21.3 
Solvent-der ived(1) -_ 0.1 -- 2.3 

Tota l  32.5 15.7 29.3 23.6 

Reactor Residue 
Shale-derived . . _ _  18.7 -- 12.2 
Solvent-der ived(2) -- 3.0 -_ 1.2 

Total  KO n-7 KO 13.4 
As haltenes 
-!hTG&Fi ved -- 7.0 -- 18.0 

-- 1.7 
To ta l  0.0 8.1 0.0 19.7 

Toluene Inso lub les  60.3 40.0 60.3 36.3 

Tota l  Shale-derived 105.5 92.4 95.4 94.4 
Tota l  Solvent-der ived 0.0 4.2 _- 5.2 

Tota l  Tb-53 K T  9-574 99.6 

- 1.1 - -- Solvent-der ived(2) - 

Notes: (1 )  

(2 )  Tetramers p lus  adducted so lvent .  

Dimers, only;  a pa r t  o f  t h e  shale-der ived d i s t i l l a t e  may be 
a1 ky l  ated so lvent ,  though - see t e x t .  
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Run No. 

Table 2 

Compound C l a s s i f i c a t i o n  o f  D i s t i l  1 ates 

Ind iana Shale 
t 1 scher Donor 
Assay Run - 

D i s t r i b u t i o n  ( R I C  area %) 
A1 kanes 
A1 kenes 
Cycloal kanes 
Cycl oal kenes 
A1 k y l  benzenes 
Alkylnaphthalenes 
Indanes 
A1 ky l  t e t r a l  i n s  and 

H naphthalenes 
Het&ocompounds 

26.2 25.7 
10.0 0.2 
15.5 13.7 
10.7 2.0 
30.0 11.9 

1.2 21.9 
2.3 4.5 

_- 13.4 
4.1 6.7 rn m 

H i l p a t  Shale 
'Fischer Donor 
Assay Run - 

24.9 18.7 
16.5 0.0 
4.2 6.6 
0.5 1.2 

26.6 13.7 
12.8 22.2 
12.0 16.2 

Table 3 

S t r u c t u r a l  Parameters From ' H  and 1% NMR o f  Asphaltenes 
Derived From t h e  Donor Solvent Conversion o f  Ind iana and H i l p a t  Shales 

Shale Ind iana H i  1 pat  

% Aromatic Carbon 
ml s u b s t i t u t e d  8.9 7.0 

% heteroatomlary l  s u b s t i t u t e d  20.9 - 15.4 - 
t o t a l  a1 k y l  or heteroatom/aryl s u b s t i t u t e d  29.8 22.4 
% bridge carbon 10.1 10.9 
% non-subst i tu ted carbon 37.6 43.8 

Tota l  Aromatic Carbon 77.5 rn 
% A l i p h a t i c  Carbon 

% a methyls 
% a CH2 
% hydroaromatic 
% long chain m a t e r i a l  

Tota l  A l i p h a t i c  Carbon 

Chain R a t i o  

Adducted Solvent 
% t e t r a l  i n* 
% naphthalene* 

4.3 3.1 
4.6 3.3 
3.2 4.4 

10.4 11.5 
TZ-5 22.9 

2.6 3.9 

- 

0.0 0.7 
13.1 8.0 

* 
were observed by GC techniques. 

Present as adducted species o r  t r i m e r s  o r  t e t r i m e r s ;  no monomers or dimers 
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FIGURE 1 MATERIAL BALANCE OF THE INDIANA SHALE CASCADE U N I T  RUN 

MTERIAL BALANCE 
Ruw WVIBER 567-20 

Shale 43.79 - 
Solvent20.3g , Toluene Ins .  

(9 

Reactor Flush Stream: 
Deslgnatlon Shale Feed Gases D i s t i l l a t e  Residue Asvhaltene Toluene Ins Asvhaltene Toluene Ins 
Nmber - 1  2 3 4 5 6 
h Y " t .  grams 

Carbon 12.92 1.44 2.03 2.81 0.13 0.39 0.92 4.78 
Hydrogen 1.50 0.79 0.29 0.26 0.01 0.05 0.07 0.46 
Nitrogen 0.36 -- 0.03 0.08 0.00 0.02 0.03 0.19 
Oxygen -- 0.38 0.03 0.09 0.01 0.24 0.02 L2.W) 
Sulfur 5 . 0 2 ~ ~ 0 . 1 2  - 0.01 - 0.28 - 0.14 - 3.01 

Total 104.13 2.75 2.39 3.36 0.16 7.02 1.18 85.87 
( i n c l .  minerals) 

FIGURE 2 U T E R I A L  BALANCE OF THE H l L P A T  SHALE CASCADE U N I T  RUN 

MTERIM BALANCE 
RUN NWER 567-24 

Flush Flush 

Stream: 
Deslgnatlon Shale Feed Gases 
Nwlber 
h u n t .  grams 

Carbon 16.89 1.12 
Hydrogen 1.87 0.22 
Wltrogen 0.58 -- 
O w e n  1.34 0.30 

3.34 NQ 
Total 141.w -- - -  Sulfur 

(1 nc l  . mineral s ) 

Reactor Flush 
D i s t i l l a t e  k r l d u e  Arvhaltene Toluene Ins Asvhaltene Toluene Ins 

1 2 3 4 5 6 

3.98 2.27 0.75 1.39 2.51 4.75 
0.44 0.18 0.06 0.17 0.21 0.54 _ _  0.06 0.02 0.00 0.04 0.23 _ _  0.04 0.01 _ _  0.04 _ _  

= q , p l . a . o s & $ l z M  
4.42 2.60 0.88 29.38 2.98 91.45 

-- 
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HPLC-FTIR ANALYSIS OF POLAR COAL-DERIVED MATERIAL 

t 

P. G. M a t e i s ,  J. W .  He l l ge th  and L. T. Taylor 
Department o f  Chemistry 

V i r g i n i a  Poly technic  I n s t i t u t e  and S ta te  U n i v e r s i t y  
Blacksburg, VA 24061 

INTRODUCTION 

The d e t a i l e d  ana lys i s  o f  coa l -de r i ved  products  (CDP) i s  hampered by  severa l  
f a c t o r s .  
heterogeneous as t o  component classes. U n l i k e  petroleum products, most o f  t he  COP 
i s  o f  r e l a t i v e l y  h igh  molecular  weight and e x h i b i t s  a r e l a t i v e l y  l a r g e  heteroatom 
(N,O,S) content .  I n  addi t ion,  a major p o r t i o n  o f  t he  COP i s  n o n - d i s t i l l a b l e  which 
does n o t  permi t  t he  use o f  many o f  t he  procedures p r e v i o u s l y  developed f o r  the 
ana lys i s  o f  crude o i l s .  I n  t h i s  regard, d i f f e r e n t  methods o f  analys is  are requi red.  
For the  n o n v o l a t i l e  CDP f rac t i ons ,  these a n a l y t i c a l  techniques are s t i l l  i n  the 
e x p l o r a t o r y  stage. 
ana lys i s  seems e s p e c i a l l y  s u i t e d  f o r  these ma te r ia l s .  On- l ine ana lys i s  a l s o  appears 
h i g h l y  a t t r a c t i v e  i n  view o f  the heterogeneous na tu re  o f  the precursor  feed coals  
and the d e s i r a b l i l i t y  o f  rapid,  d i s c r i m i n a t o r y  a n a l y t i c a l  procedures by  t h e  coal  
convers ion i ndus t r y .  Depending on the  f u n c t i o n a l i t i e s  o f  i n te res t ,  a v a r i e t y  o f  
combinat ion techniques ( separa t i on -spec t romet r i c )  can be env is ioned f o r  n o n v o l a t i l e  
CDP's. 

Thei r  composit ion i s  no t  o n l y  ext remely complex bu t  a l so  ext remely 

A combined condensed phase separat ion-spect rometr ic  means o f  

Various spect roscopic  techniques app l i ed  t o  i s o l a t e d  f r a c t i o n s  have prov ided 
d e t a i l e d  s t r u c t u r a l  i n fo rma t ion  bu t  each s u f f e r s  from no t  be ing able t o  d i s t i n g u i s h  
i n d i v i d u a l  components. The coupl ing o f  HPLC separat ions d i r e c t l y  w i t h  h i g h l y  
i n f o r m a t i o n - s p e c i f i c  spect rometr ic  de tec to rs  "on - l i ne "  may p rov ide  the  p o t e n t i a l  f o r  
t h e  i d e n t i f i c a t i o n  o f  many o f  t h e  components o f  these complex mixtures.  I n f r a r e d  
spect rometry  y i e l d s  c h a r a c t e r i s t i c  and o f t e n  s p e c i f i c  absorbances f o r  many organic  
f u n c t i o n a l i t i e s  and p a r t i c u l a r l y  f o r  many o f  the heteroatom con ta in ing  compounds 
which need t o  be analyzed. I R  a lso seems a ve ry  l o g i c a l  choice as a d e t e c t o r  f o r  
t h e  HPLC separat ion o f  CDP's s ince i t  i s  e a s i l y  adapted t o  a f l o w i n g  stream. We 
wish t o  descr ibe t h e  a p p l i c a t i o n  o f  a HPLC-FTIR system t o  a coa l -de r i ved  residuum. 

RESULTS AND DISCUSSION 

The coal -der ived samples employed i n  t h i s  s tudy  were received from t h e  Ker r  
McGee Corporation. L ioue fac t i on  cond i t i ons  were as fo l l ows :  

Wyodak #3 feed coal  
100% THQ; S:C, 2 : l  

1100 p s i  H2, 30 minutes, 785'F 

A f t e r  t he  reac t i on  was terminated, gases were vented from the  reac to r  and the 
r e a c t i o n  vessel was emptied o f  i t s  contents .  Some residuum and process so l ven t  
remained i n  the  vessel. Th is  ma te r ia l  was removed by washing the vessel w i t h  
te t rahyd ro fu ran  (THF). Ma te r ia l  which was s o l u b i l i z e d  i n  t h i s  w a y  was designated 
THF solub les.  
performed i n  order  t o  remove the  r e l a t i v e l y  l a r g e  amount o f  1,2,3,4-tetrahydro- 
q u i n o l i n e  (THO) known t o  be present i n  the  THF-solubles sample. F r a c t i o n  1, e l u t e d  
w i t h  hexane, was indeed found t o  con ta in  almost e x c l u s i v e l y  THQ. F r a c t i o n  2 whose 
ana lys i s  i s  descr ibed below conta ined o n l y  a smal l  amount o f  THO. 

d e t e c t i o n  i s  shown i n  F igu re  1. Upon examination o f  t h e  UV trace, i t  i s  seen t h a t  
most peaks e l u t e  i n  the  same reg ion  as p r e v i o u s l y  found fo r  s imple bas ic  n i t rogen  
model compounds. The numbers over the  peaks i n  F igu re  18 correspond t o  i n d i v i d u a l  

A p r e l i m i n a r y  p repara t i ve  separa t i on  on the THF solub les was 

A microbore Scale chromatographic separa t i on  o f  f r a c t i o n  2 w i th  UV and FTIR 
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spec t ra  obtained throughout t h e  HPLC-FTIR run. 
s a t u r a t i o n  r e f l e c t e d  i n  each f i l e  spectrum as evidenced by the  r e l a t i v e l y  in tense CH 
s t r e t c h i n g  modes between 2800 and 3000 cm-1. This i s  perhaps an i n d i c a t i o n  o f  a l k y l  
s i d e  chains on an aromat ic r i n g .  Two major components i n  t h i s  f r a c t i o n  are THQ 
( f i l e  203) and a u i n o l i n e  ( f i l e  225). 
N-methy lan i l ine  as shown by i t s  comparison w i t h  t h e  spectrum o f  the  model compound. 
Obviously, another c m p o n e n t ( s )  i s  a lso  represented i n  f i l e  201 s ince  t h e  two 
s p e c t r a  do n o t  p e r f e c t l y  agree. Some o f  the o ther  f i l e s  have no t  been i d e n t i f i e d  
al though these c o n t a i n  bands cons is ten t  w i th  n i t r o g e n  h e t e r o c y c l i c  compounds. A 
match w i th  model compound spec t ra  has n o t  been made. The spectrum corresponding t o  
f i l e  235 i s  i n t e r e s t i n g .  The component represented i n  t h i s  f i l e  e l u t e s  a f t e r  
qu ino l ine ,  b u t  i t  i s  n o t  reso lved from q u i n o l i n e .  Th is  s ectrum conta ins  a weak NH 

t o  two bands a t  1324 cm-1 and 1296 cm-1. The m a t e r i a l  g i v i n g  r i s e  t o  t h i s  spectrum 
i s  suspected t o  be due t o  a THQ dimer This component w i l l  be examined i n  f u r t h e r  
d e t a i l  when t h e  f r a c t i o n ' s  mass spectrum i s  discussed. 

A survey o f  a l l  f i l e s  i n d i c a t e d  the  presence of several  d i f f e r e n t  carbonyl  
species.  F i g u r e  2 shows the carbonyl  s t r e t c h i n g  r e g i o n  (1800-1600 cm-1 f o r  
se lec ted  spec t ra  taken throughout the  e n t i r e  run. The band a t  1600 cm-1 which i s  
p resent  i n  every  f i l e  i s  due t o  an aromatic C=C r i n g  s t r e t c h .  Early i n  the run  
( f i l e  190), be fore  e l u t i o n  of THQ, bands a t  1677 and 1690 cm-l are observed. These 
bands are seen i n  a l l  f i l e s  up t o  201. 
a t  1660 cm-1 i s  seen i n  f i l e  217 p r i o r  t o  e l u t i o n  o f  q u i n o l i n e  ( f i l e  225). F i n a l l y ,  
com ounds e l u t e  between f i l e s  244-250 w i t h  a c h a r a c t e r i s t i c  FTIR absorbance a t  1774 

This cou ld  correspond t o  the 
band i n  f i l e  217 but n o t  f i l e  190. A type  o f  ketone i s  also poss ib le .  Our 
p r e f e r r e d  assignment i s  tha t  hydroxypyr id ine  or  a s i m i l a r  compound cou ld  be 
respons ib le  f o r  the I R  absorbance i n  t h i s  reg ion .  Many o f  these types o f  compounds 
e x i s t  e x c l u s i v e l y  i n  t h e  k e t o  form. 
t o  be suscept ib le  t o  r e a c t i o n  w i t h  oxygen t o  y i e l d  s i m i l a r  type  compounds. A 
s i m i l a r  k ind  of r e a c t i o n  cou ld  w e l l  be o c c u r r i n g  w i t h  THQ d u r i n g  l i q u e f a c t i o n .  
S i n g l e  i n j e c t i o n s  o f  2 -hydroxypyr id ine  and 4-hydroxypyr id ine  support t h i s  assignment 
i n  t h a t  these compounds e l u t e  w i th  r e t e n t i o n  t imes s i m i l a r  t o  those o f  compounds 
found i n  f i l e s  190-217. F igure  3 shows the I R  spectrum of 2-hydroxypyr id ine  and 
4-hydroxypyr id ine  f o r  comparison w i l l  f i l e  spec t ra  190 and 217. 

I 

t ypes  of carbonyl  compounds and i s  t h e r e f o r e  more e a s i l y  assigned. A five-membered 1 

y- lac tone has a band a t  1770 cm-1. 
THF was used t o  i s o l a t e  the o r i g i n a l  sample. 
coa l -der ived  m a t e r i a l  THF adducts r e a d i l y  t o  the coal  m a t e r i a l  and can be converted 
t o  y -bu ty ro lac tone under r a t h e r  m i l d  cond i t ions .  

a d d i t i o n a l  in fo rmat ion ,  THF so lub les  f r a c t i o n  2 was sub jec ted  t o  f i e l d  i o n i z a t i o n  
mass spectroirietry (FIMS). 
temperature range employed (48-451'C). 
temperature ranges and these were then summed i n t o  one o v e r - a l l  spectrum. Th is  
composite spectrum i s  shown i n  F igure  4. 
f o r  t h i s  f r a c t i o n  and t h e  weight average molecular weight i s  396. 
of odd t o  even mass peaks equal t o  0.84 was c a l c u l a t e d  f o r  t h i s  sample. 
from t h i s  O/E r a t i o  t h a t  almost h a l f  t h e  m a t e r i a l  i n  f r a c t i o n  2 conta ins  an odd 
number o f  n i t r o g e n  atoms. 

examinat ion of  the summed spectrum alone. Each temperature g ives  r i s e  t o  a spectrum 
t h a t  i s  s imp ler  than t h e  composite spectrum s i n c e  a l l  t h e  compounds are not present 

There i s  a l a r g e  amount o f  / 

F i l e  201 i n d i c a t e s  the presence o f  

s t r e t c h ,  and r a t h e r  i n t e n s e  C=C and C=N bands a t  1598 cm- P and 1500 cm-1 i n  a d d i t i o n  

A f t e r  THQ e l u t e s  ( f i l e  203) an unique band 

cm- P . 
A t e r t i a r y  m i d e  e x h i b i t s  a band near 1650 cm-1. 

Enamines such as t e t r a h y d r o p y r i d i n e  are known 

The 1774 cm-1 band i n  f i l e s  244-250 i s  h igher  i n  f requency than i s  seen i n  many 

The presence o f  such a species i s  l i k e l y  s ince 
It i s  known t h a t  i n  the  presence o f  

To conf i rm assignments made on the  bas is  of HPLC-FTIR as wel l  as t o  ga in  

The sample was 100% v o l a t i l e  i n  t h e  spectrometer i n  t h e  
Spectra were c o l l e c t e d  over e i g h t  

The number average molecular weight i s  328 
An o v e r a l l  r a t i o  

It appears 

Examining the i n d i v i d u a l  temperature ranges af fords more i n f o r m a t i o n  than an 
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i n  each range. The f i r s t  temperature range examined (48-83°C) has an O/E  r a t i o  of 
4.36. Obviously, compounds having an odd number o f  n i t r o g e n  atoms dominate. The 
most intense peaks are THQ (m/e = 133) and q u i n o l i n e  ( d e  = 129). These compound 
assignments can be c o n f i d e n t l y  made (as opposed t o  the isomers 1,2,3,4-tetrahydro- 
i s o q u i n o l i n e  and i s o q u i n o l i n e )  because o f  the  in fo rmat ion  obtained from HPLC-FTIR. 
Also, from the FTIR analysis,  N-methy lan i l ine  can be sa id  t o  be a t  l e a s t  i n  p a r t  
r e s p o n s i b i l e  f o r  t h e  peak a t  107. The o ther  p o s s i b l e  isomers o f  m/e = 107 were no t  
observed by FTIR. 

FIMS suggests the  presence o f  compounds not i n d i c a t e d  by FTIR. These i n c l u d e  
i n d o l e  or p r o p y l p i p e r i d i n e  (m/e=117) and t h e i r  homologues (m/e = 131), e t h y l a n i l  i n e  
o r  a C 1  homologue o f  mass 107 ( d e  = 121) and indanol  ( d e  = 134). Some compounds 
i n d i c a t e d  by FIMS may a l s o  have been suggested by the  FTIR ana lys is  b u t  a lack  o f  
model compounds and/or s p e c t r a l  l i b r a r y  prevented exact assignment. For example, 
these might inc lude homologues o f  THQ and q u i n o l i n e  ( d e  = 143, 147, 157, 161). A 
hydroxyqu ino l ine  i s  suggested a t  mass 145 which supports an e a r l i e r  assignment made 
v i a  HPLC-FTIR. 

t h e  f i r s t  temperature range, compounds o f  h igher  molecular weight are detected. The 
O / E  r a t i o  changes d r a m a t i c a l l y  due t o  the na ture  o f  the compounds being v o l a t i l i z e d  
dur ing  t h i s  temperature range. The O / E  r a t i o  i s  now 0.96. I n  the  t h i r d  temperature 
range (110-122°C) the  O/E r a t i o  decreases even f u r t h e r  t o  0.49. 
inc reas ing  most i n  i n t e n s i t y  dur ing  the  second and t h i r d  temperature ranges are m/e 
= 260-266. With the  except ion o f  THQ, these peaks are the  most in tense ones i n  the  
FIMS summed spectrum. 
and r e l a t e d  "phenylquinol  ine- type"  compounds. 

I n  the second temperature range (87-l10eC), i n  a d d i t i o n  t o  compounds seen i n  

The mass peaks 

The suggested compounds f o r  m/e = 260-266 are dimers o f  THQ 

The presence o f  such compounds i n  coal  l i q u e f a c t i o n  products has been 
p r e v i o u s l y  speculated. I t has been noted t h a t  n i t r o g e n - c o n t a i n i n g  l i q u e f a c t i o n  
solvents,  wh i le  enhancing the  l i q u e f a c t i o n  process by inc reas ing  the  amount o f  
s o l u b l e  product, a l s o  produced n o n - d i s t i l l a b l e  products and r e s u l t e d  i n  severe 
so lvent  loss .  The suggest ion was made t h a t  the  l i q u e f a c t i o n  so lvent  was being 
incorpora ted  i n t o  the coa l  s t r u c t u r e  o r  otherwise r e a c t i n g  t o  produce h igher  
molecular weight m a t e r i a l s .  U n i d e n t i f i e d  I R  spec t ra  obtained by HPLC-FTIR can be 
associated w i t h  compounds o f  m/e 260-266 found i n  the  FIMS spec t ra .  Model compounds 
are u n f o r t u n a t e l y  unava i lab le  f o r  exact assignment by e i t h e r  method. 

I n  the  h igher  temperature ranges, the  O/E r a t i o  approaches 1.00. This suggests 
t h a t  each h i g h  molecular weight specie has been "tagged" w i th  THQ. As seen from the  
summed spectrum i n  F igure  4, these h i g h  mass peaks ( >  m/e = 320) are n o t  v e r y  
intense. Such h i g h  mass peaks could be due t o  t r i m e r s  o f  THQ and r e l a t e d  
compounds. 
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Figure 2. Carbonyl stretching region f o r  s e l e c t e d  spectra obtained during 
the separation o f  TIlF Solubles  f rac t ion  2 .  
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ABSTRACT 

A New Mexico sub-bituminous coal was f l a s h  pyrolyzed i n  an He 
atmosphere i n  an entrained downf low tubular reactor  a t  temperatures 
from 7OO0C to  1000°C and a t  50 p s i .  I n  addi t ion to c1-C~ gases, CO 
and BTX, a s  high as  9.82 of the dry, ash-free coal was converted to 
tar a t  70OoC. The t a r s  were character ized v ia  elemental ana lys i s  and 
I H  NMR spectroscopy. l H  NMR data  show tha t  the s t r u c t u r a l  charac- 
t e r i s t i c s  of the tars with respect  to  hydrogen type d i s t r i b u t i o n  de- 
pend on the s e v e r i t y  of the react ion conditions. The non-aromatic 
hydrogen content of the t a r s  decreased with increase i n  the pyrolysis  
temperature whereas the aromatic hydrogen content of the t a r s  followed 
an opposite trend. 

INTRODUCTION 

The d e v o l a t i l i z a t i o n  of coal by rapid or  f lash  heating produces 
primary tar a s  a r e s u l t  of thermal decomposition and depolymerization 
of the s t a r t i n g  mater ia l .  The ex ten t  of a l t e r a t i o n  of the physico- 
chemical proper t ies  of the primary devola t i l i za t ion  products v ia  sub- 
sequent decomposition react ions depends on the process conditions i n  
the pyrolyzer. FOT some types of coal ,  the primary d e v o l a t i l i z a t i o n  
may be complete i n  a very shor t  residence time, €.e., wi thin the f i r s t  
few f e e t  of a reactor .  The primary products, i f  allowed to pass 
through addi t iona l  length of a f u l l y  heated reac tor ,  undergo extensive 
secondary reac t ions  and the qua l i ty  and quant i ty  of the resu l t ing  end 
products depend on the sever i ty  of the react ion conditions. 

232 



The e f f e c t s  of various process parameters on the y ie ld  and the 
k ine t ics  of formation of gaseous products and li ht  organic chemicals 
such as  BTX have been s t u d i e d  e ~ t e n s i v e l y . ( ~ - ~ f  I n  most instances ,  
ana lys i s  of the above high v o l a t i l e  products were made with the use of 
on-l ine GC instrumentation. However, low v o l a t i l e ,  high molecular 
weight and multi-functional tar f r a c t i o n  i s  complex i n  nature  and re- 
q u i r e s  spec ia l  handling. It  is a l s o  noted tha t  the y ie ld  of t a r  f rac-  
t ion is general ly  low when compared t o  tha t  of other  high v o l a t i l e  
products. I n  consequence, charac te r iza t ion  s tudies  on t a r  from coal 
pyrolysis  experiments a r e  l imited.  

I n  an e f f o r t  to obtain a b e t t e r  p ic ture  of the progressive 
changes t h a t  accompany coal d e v o l a t i l i z a t i o n ,  we appl ied several  
modern ana ly t ica l  techniques to gas, l i q u i d ,  t a r  and char products 
from the pyrolysis  of a sub-bituminous coal. I n  a previous paper, the 
e f f e c t s  of temperature, residence time and the pyrolysis  atmosphere on 
the yields  of gaseous products and BTX were reported.(4) I n  t h i s  
paper, we present the r e s u l t s  of elemental and I H  NMR charac te r iza t ion  
of t a r s  from the same s e t  of pyrolysis  experiments. The r e s u l t s  of 
capillary-GC/MS and pyrolysis-GC/MS charac te r iza t ion  of o i l  and as- 
phaltene f rac t ions  of the t a r s  as  well as  SEM and FTIR analyses of the 
chars w i l l  be reported elsewhere. 

EXPERIMENTAL 

Pyrolysis  Experiments: 

A New Mexico sub-bituminous coal with ana lys i s  shown i n  Table 1 
was f lash  pyrolyzed i n  a highly instrumented 1-in. I .D.  by 8 - f t  long 
entrained downflow tubular reactor .  The reac tor  system has been de- 
scribed i n  d e t a i l  previously.(5) Multiple analyses of COX, c1-C~ 
gases and BTX a r e  made v ia  an on-line GC and the products heavier than 
BTX a r e  col lected i n  a Freon cooled (--4OOC) condenser. A t  the end of 
each experiment, the reactor  i s  washed with vythane and the washings 
a r e  combined with the contents of the condensers. From the l i q u i d  
mixture, vythane is d i s t i l l e d  off i n  a rotory evaporator to obta in  the 
t a r  product. 

Analytical Characterization: 

A Perkin-Elmer elemental analyzer was used to determine the e le -  
mental composition of tars. The C ,  H and N content  of the t a r s  were 
determined d i r e c t l y  and ( 0  + S) was obtained by difference.  

Proton-NMR spectra  a t  60 MHz were obtained with a Varian Model 
EM-360 Spectrometer. The samples were dissolved i n  CDCl3 and the 
spectra  were recorded a t  an ambient temperature of -25°C with t e t r a -  
methylsilane (TMS) a s  in te rna l  standard reference. 
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RESULTS AND DISCUSSION 

Figure 1 shows the percent carbon conversion to  CH4, C2H4, COX 
and BTX a s  a func t ion  of temperature and residence time. A t  a l l  re- 
sidence times, the y i e l d  of ethylene maximized a t  900oC, whereas t h a t  
of COX continued to  increase with temperature. By taking gas and BTX 
samples from d i f f e r e n t  sample taps  located a t  every 2- f t  length of the 
reac tor ,  the y ie ld  data f o r  these products corresponding to a t  l e a s t  
four d i f f e r e n t  res idence times of the coal p a r t i c l e s  can be obtained 
from one s ingle  run. 

The tar is  co l lec ted  a t  the end of the run and the y ie ld  corre- 
sponding to  the longest  coal  p a r t i c l e  residence time only is ava i lab le  
from a p a r t i c u l a r  run. I n  the s e t  of experiments reported here, the 
longest coal p a r t i c l e  residence time was 1.5 - 1.6 sec. The t a r  y ie ld  
decreased with pyro lys i s  temperature as shown i n  Figure 2. Roughly 
half of the t a r  was made up of hexane soluble  o i l ,  the remaining being 
hexane-insoluble but  benzene-soluble asphaltenes. 

The e f f e c t  of pyrolysis  temperature on the absolute  elemental 
composition of unfract ionated t a r s  is shown i n  Figure 3. There is a 
marked d i f fe rence  i n  the elemental composition of the t a r s  obtained a t  
700° and 80OoC. P a r t i c u l a r l y  not iceable  is the difference i n  oxygen 
content of these tars. A t  temperatures higher than 8OO0C, there  is no 
s i g n i f i c a n t  v a r i a t i o n  i n  the elemental composition of tars. 

Weighted d i s t r i b u t i o n  of C,  H ,  N and 0 i n  t a r  can be more useful 
than the elemental composition alone. This  i s  obtained by taking the 
elemental ana lys i s  data together with the t a r  yields .  From a knowl- 
edge of coal feed r a t e  and the weighted elemental d i s t r i b u t i o n  i n  t a r ,  
one can determine the ac tua l  amount of a par t icu lar  element tha t  re- 
mains i n  the tar a s  percent of or ig ina l  feed. The overal l  expression 
can be wr i t ten  a s  follows: 

%Conv.x %Xrar x W t a r ( d  
t a r  = 

where, 

%Xtar = Percent composition of element X i n  tar 
Wtar = Amount of t a r  col lected 
rcoal - Coal feed r a t e  
tr = Duration of coal feed 
xxcoai = Percent composition of element X i n  coal 
a - Frac t ion  of ash i n  coal 
%Conv.Xtar = Percent of element X i n  or ig ina l  feed t h a t  

remains i n  tar 

Figure 4 shows the e f f e c t  of temperature on the calculated 
amounts of t o t a l  C ,  H ,  N and (WS) remaining i n  t a r .  Most of the 
decline i n  the r e t e n t i o n  of elements i n  t a r  occurs between 700° and 
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8OOOC. The qua l i ty  and quant i ty  of tar i s  almost unaffected on in- 
creasing the pyrolysis  temperature from 900° t o  1000°C. The ease of 
removal of elements from t a r  follows the order: O>H>C>N. 

I n  Figure 1, i t  was noticed e a r l i e r  t h a t  the carbon conversion t o  
gases and BTX increased with temperature. This increase i n  gases and 
BTX y ie lds  i s  found to  be a t t r i b u t e d  to the secondary decomposition 
react ions of the tar ra ther  than to addi t iona l  coal  devola t i l i za t ion .  
This  i s  shown i n  Figure 5 ,  i n  which t o t a l  carbon conversion to  a l l  
products (hydrocarbon gases + COX + BTX + t a r )  is plot ted a g a i n s t  t e m -  
perature. There i s  no s i g n i f i c a n t  change i n  carbon conversion as the 
temperature is increased from 7000 t o  1000°C. Thus, i n  the case of 
pyrolysis  of coal i n  the presence of an  i n e r t  gas, such a s  helium, de- 
v o l a t i l i z a t i o n  i s  almost complete by 7OO0C, the lowest temperature 
used i n  the BNL reactor .  The tar y i e l d  has been reported to maximize 
a t  6OO0C i n  the case of pyrolysis  of a Texas l i g n i t e  i n  a continuous 
bench-scale reactor(6) .  

l H  and 13C NMR s ectroscopy has been widely used to charac te r ize  
coal-derived liquids(y-lo). The l H  NHR spec t ra  (60  MHz) of the t a r s  
derived from the BNL reac tor  a r e  shown i n  Figure 6. The assignment of 
a given chemical s h i f t  range to  a p a r t i c u l a r  type of hydrogen is based 
on the suggestions by Stompel and B a r t l e ( l l ) .  The percentage d i s t r i -  
bution of hydrogen under a given category is obtained by dividing the 
a rea  integrated within the chemical s h i f t  range corresponding to  t h a t  
category by t o t a l  area integrated.  

The calculated 1H-NMR hydrogen d i s t r i b u t i o n  i n  tars i s  l i s t e d  i n  
Table 2 .  The e f f e c t  of temperature on hydrogen d i s t r i b u t i o n  i s  graph- 
i c a l l y  shown i n  Figure 7. The aromatic hydrogen d i s t r i b u t i o n  i n  the 
t a r s  increases with pyrolysis  temperature, whereas there i s  a decrease 
i n  a l l  other  forms of hydrogen. The main difference between d i f f e r e n t  
curves is i n  t h e i r  slopes. The only exception is hydrogen i n  B-posi- 
t i o n  to  an aromatic r ing,  the d i s t r i b u t i o n  of which is not  a f fec ted  by 
temperature. 

The ac tua l  amount of aromatic hydrogen and non-aromatic hydrogen 
(phenolic hydrogen + a l i p h a t i c  hydrogen) i n  tar can be ca lcu la ted  from 
the I H  NMR hydrogen d i s t r i b u t i o n  da ta ,  X hydrogen content of  the t a r  
and the t a r  yield.  The ac tua l  amounts of aromatic and non-aromatic 
hydrogen i n  tar a r e  plot ted a g a i n s t  temperature i n  Figure 8. The ac- 
tua l  amounts of both types of hydrogen decrase with increase i n  t e m -  
perature ,  the trend being similar t o  the one noted i n  Figure 4. 

CONCLUSION 

A s e r i e s  of f l a s h  pyrolysis  conclusion experiments with a New 
Mexico sub-bituminous coal i n  a downflow entrained tubular  reactor  
shows t h a t  the devola t i l i za t ion  process is complete by 7OO0C in a he- 
lium atmosphere. Further  increase i n  temperature causes the secondary 
cracking of tar leading to the formation of l i g h t e r  products without 
enhancing devola t i l i za t ion  i t s e l f .  The ease of removal of elements 
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from pyrolysis tar as a function of temperature follows the order: 
O>H>C>N.  On a compositional bas i s ,  the d i s t r ibu t ion  of aromatic hy- 
drogen i n  tars increased with temperature, whereas tha t  of a l l  other  
forms of hydrogen followed an opposite trend. However, the actual 
amounts of a l l  forms of hydrogen present  i n  t o t a l  tar decreased with 
increase i n  pyrolysis  temperature. 
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TABLE 1. ANALYTICAL DATA FOR NEW MEXICO SUB-BITUMINOUS COAL 

Ultimate Analysis (we X dry) Ultimate Analysis (dry) 

Vo la t i l e  Matter : 34.9 Carbon : 55.9 

Hydrogen : 4.3 Fixed Carbon : 42.4 

Nitrogen : 1.1 Ash : 22.8 

Sulfur : 1.0 

Oxygen (by di f f . )  : 14.9 

TABLE 2. FLASH PYROLYSIS OF NEW FEXICO SUB-BITUMINOUS COAL 
50 p s i  HELIUM, 1.5 sec  RESIDENCE TIME 

HYDROGEN DISTRIBUTION I N  TAR FRACTIONS (IH NMR) 

Temperature, OC I H  Chemical 
Hydrogen Type S h i f t  Range 

(ppm from TMS) 700 800 900 1000 

Aroma t i c  6.5-9 .O 

Phenol i c  5.5-6.5 

Olef i n i c  4.5-5.5 

Benzylic 3.3-4.5 

CH3,CH2, and CH-a t o  an 
aromatic r ing  2.0-3.3 

CH2 and CH 6 t o  an 
aromatic r ing  (naphthenic) 1.6-2.0 

B-Ch3,CHz and CH-y 
t o  an  aromatic r i n g  1.0-1.6 

CH3 y or fu r the r  frcm 
an aromatic r ing  0.5-1.0 

27.4 

5.7 

9.4 

11.3 

24.5 

4.7 

12.3 

4.7 

43.9 57.5 

3.9 2.3 

6.1 2.3 

8.8 4.6 

19.9 17.1 

2.7 2.6 

12.0 11.9 

2.7 1.8 

64.7 

1.5 

1.5 

4.4 

11.8 

2.9 

11.8 

1.5 
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Figure 2 .  Effect of Temperature on Tar Yield. 
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Figure 3 .  Effect  of Temperature on Elemental Composition of Tar. 
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ABSTRACT 

Fractionation with supercritical fluids, termed fractional destraction, is being 
developed at the Pittsburgh Energy Technology Center (PETC) for use on 
liquefaction residua. In this process, the density of a supercritical fluid is 
used to promote reflux in a manner analogous to temperature in a conventional 
distillation. This paper presents elemental, spectroscopic, and chromatographic 
analyses o f  residuum fractions prepared by this method. Emphasis is on the use of 
liquid chromatography as a relatively rapid method for obtaining important 
characterization data, such as molecular weight and chemical functionality. Such 
data are necessary for monitoring the daily operation of the Fractional 
Destraction Unit at PETC. 

INTRODUCTION 

Characterization of fossil fuels by distillation is limited in application to the 
extent that nonvolatile components occur in the fluid. For complex fluids such as 
those derived from heavy crude oils, tar sands, shale oil, or coal, more than half 
of the fluid may be nonvolatile residuum (1). To overcome this limitation, PETC 
is currently developing a supercritical-fluid-based fractionation process. The 
process is termed either fractional destraction (2) or supercritical distillation 
(3). Using this procedure, a residuum may be fractionated according to the 
solubility of its constituent components in the supercritical fluid. The novel 
aspect of this approach is the incorporation of a system to promote a reflux of 
the less-soluble components onto a packed bed. The liquid reflux is caused by 
increasing the temperature of the fluid phase at constant pressure, thereby 
decreasing the density of the supercritical fluid and its carrying capacity for 
residuum. The use of reflux results in rectification of the residuum in a manner 
analogous to conventional distillation (2. 4). At PETC an experimental unit has 
been constructed to operate in this manner and has been used to fractionate coal- 
derived distillate and residuum (4, 5). This unit is called the Fractional 
Destraction Unit (FDU). The purpose of this report is to present chemical, 
chromatographic, and spectroscopic characterization data for a set of coal-derived 
residuum fractions prepared by this process. 

Operation of the FDU required the development of appropriate analytical methods to 
monitor the fractionation of residuum. Procedures common to conventional 
distillation, such as GC-simulated distillation, are limited to distillates; and 
more sophisticated analytical techniques, such as field ionization mass 
spectrometry, are too time-consuming and expensive to use on a daily basis. To 
overcome these difficulties, liquid chromatographic procedures previously 
developed for distillable coal-derived materials were adapted for use with 
residuum. The object of this report is to present the chromatographic 
characterization data and the corresponding chemical and spectroscopic results for 
a set of coal-derived residuum fractions prepared by the fractional destraction 
process. 
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EXPERIRENTAL 

Residuum Frac t i ona t ion  

The FOU b a s i c a l l y  cons i s t s  o f  two major components: (a)  t h e  f r a c t i o n a l  
des t rac t i on  vessel (FDV) where the s u p e r c r i t i c a l  f l u i d  and residuum come i n  
contact; and (b )  a separator  t h a t  subsequently disengages the residuum from the  
so lvent  i n  the overhead stream from t h e  FDV (5). The novel f ea tu re  o f  t h e  FOV i s  
an i n t e g r a l  column i n  which r e f l u x  i s  generated by means o f  a hot  f i n g e r  onto a 
packed bed. I n  t h e  work repo r ted  here, 1000 g o f  residuum from t h e  Wi l sonv i l l e  
Advanced Coal L i q u e f a c t i o n  Test  F a c i l i t y  was f r a c t i o n a t e d  using cyclohexane (Tc = 
553.4 K, Pc = 4.074 MPa) as the  s u p e r c r i t i c a l  f l u i d .  Th is  residuum was co l l ec ted  
from the T102 vacuum d i s t i l l a t i o n  tower du r ing  Run 242. The run  was made i n  a 
Short-Contact-Time In teg ra ted  Two-Stage L ique fac t i on  mode using I l l i n o i s  No. 6 
coal  from t h e  Burning Star  mine (6). During the  t ime t h i s  sample was co l lected,  
t h e  T102 vacuum tower was operated a t  594 K and 3.4 KPa. The cyclohexane was 
obtained i n  drum q u a n t i t i e s  a t  greater  than 99 percent  p u r i t y  and used as 
received. 

F igu re  1 summarizes t h e  f r a c t i o n a t i o n  i n  terms o f  t he  residuum concentrat ion i n  
t h e  overhead as a f u n c t i o n  o f  t he  ex ten t  o f  dest ract ion.  The residuum 
concentrat ion va lue was ca l cu la ted  from t h e  amount o f  residuum brought overhead 
and the amount o f  cyclohexane pumped through the  FDV dur ing t h a t  c o l l e c t i o n  
per iod.  Most o f  t h e  p o i n t s  i n  t h i s  f i g u r e  represent 30-minute c o l l e c t i o n  periods. 
The t o t a l  t i m e  on stream was 19.06 hours, which spanned three working days. The 
gaps i n  t h e  l i n e  i n  F igu re  1 i n d i c a t e  t h e  p o i n t s  a t  which the f r a c t i o n a t i o n  was 
terminated by s h u t t i n g  t h e  FOU down a t  the end o f  each working day. 

I n  t h e  FOU, the residuum charge was contacted w i t h  cyclohexane a t  a Tr, o r  T/Tc, 
o f  1.02 and a P r ,  o r  P/Pc, o f  1.3. An i n i t i a l  temperature d i f f e rence  o f  60 K 
between t h e  e x t r a c t i o n  sec t i on  and the  r e f l u x  sec t i on  o f  t h e  apparatus was 
establ ished t o  promote r e f l u x .  As shown i n  F igure 1. t h i s  r e s u l t e d  i n  an i n i t i a l  
overhead concentrat ion o f  approximately 2.4 gram residuum per g-mole o f  
cyclohexane. By con t ras t ,  t he  overhead concentrat ion o f  residuum i n  the absence 
of ref lux, i.e., isothermal  operation, i s  approximately f i v e  t imes greater .  S i x  
f r a c t i o n s  were c o l l e c t e d  as i nd i ca ted  i n  F igu re  1. As t h e  overhead concentrat ion 
of residuum decreased, t h e  temperature d i f f e r e n c e  across the FOV was reduced t o  
increase t h e  dens i t y  i n  t h e  r e f l u x  sec t i on  and thus permi t  more residuum i n  the  
overhead stream. Dur ing c o l l e c t i o n  of t he  f i n a l  f r a c t i o n ,  t he  temperature i n  the 
r e f l u x  sec t i on  was t h e  same as t h a t  i n  t h e  e x t r a c t i o n  zone. 

Owing t o  i n e f f i c i e n c y  i n  t h e  separator, some o f  t h e  residuum brought overhead i s  
c o l l e c t e d  w i t h  t h e  spent so lvent .  Th is  m a t e r i a l  i s  recovered by d i s t i l l i n g  the 
so l ven t  i n  a r o t a r y  evaporator. The o v e r a l l  e f f i c i e n c y  o f  the separator dur ing 
t h e  f r a c t i o n a t i o n  repo r ted  here was 67 percent. I n  t h i s  study, t he  residuum 
recovered from t h e  so l ven t  was not combined w i t h  t h a t  recovered from the  separator 
because independent ana lys i s  o f  t h i s  m a t e r i a l  w i l l  p rov ide valuable in format ion 
concerning operat ion o f  t h e  separator. Current work i s  aimed a t  improving the 
separator e f f i c i e n c y  through op t im iza t i on  o f  operat ional  parameters and design. 

Character izat ion 

The elemental analyses were performed a t  PETC us ing ASTM techniques t h a t  were 
modif ied f o r  use w i t h  coal -der ived ma te r ia l s .  The vapor pressure osmometry (VPO) 
molecular weights were s i n g l e - p o i n t  determinations i n  p y r i d i n e  a t  353 K and were 
performed a t  Huffman Laborator ies,  Inc., Wheatridge, Colo. 

The ge l  permeation chromatography (GPC) was performed us ing PLgel l O O R  columns 
manufactured by Polymer Laborator ies,  Ltd., Shropshire, U.K., w i t h  THF as the 
e luen t .  An evaporative analyzer from Appl ied Chromatography Systems (USA), Inc., 
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State College, Pa., was used in conjunction with a conventional refractive index 
detector to monitor the separation. The molecular weights reported here were 
calculated using the data obtained from the evaporative analyzer. In this 
detector, the eluent from a liquid chromatographic column is nebulized with a gas, 
the solvent is vaporized from the resulting droplets, and the remaining 
nonvolatile sample particles pass through a light-scattering photometer. This 
detector is more sensitive than the refractive index detector and is especially 
suited for GPC of high molecular weight coal derivatives (7). The calibration 
Curve was constructed using polystyrene standards for molecular weights greater 
than 1000, and a series of pure aromatic compounds for the lower molecular 
weights. A correction for polystyrene molecular weights that was developed by 
Reerink and Lijzenga (8) with petroleum bitumens and asphaltenes was used in 
constructing the GPC calibration curve. 

Chemical class fractionation was performed using a high performance liquid 
chromatography (HPLC) method similar to that proposed by Matsunaga (9). In this 
procedure, the residuum sample is dissolved in tetrahydrofuran, filtered to remove 
particulates, and separated on a u-Bondapack NH2 column from Waters Associates, 
Milford, Mass., using a hexane/THF gradient. Using this procedure, the sample is 
separated on the basis of the number of double bonds and functionality. One 
unresolved problem with this method is the extent to which the separation is 
affected by the solubility of the sample in hexane. This aspect is still under 
investigation. 

Spectroscopic analyses included near-infrared, 1H-NMR, and field ionization mass 
spectrometry (FIMS). The near-infrared measurements were made on dilute methylene 
chloride solutions of the fractions. The IH-NMR spectra were acquired in d5- 
pyridine. The FINS data were obtained from SRI International, Menlo Park, Calif. 

DISCUSSION OF RESULTS 

The elemental analysis and VPO data are sumarized in Table 1 for the six 
fractions collected. Important trends to note in the elemental composition of the 
fractions as the destraction proceeds are the increase in heteroatom 
concentration and the decrease in the hydrogen-to-carbon ratio. The molecular 
weight data also exhibit a regular increase in going from the first to the last 
fractions. These observations indicate that the separation in the cyclohexane 
fractional destraction proceeds according to the relative volatility of the sample 
components. This may not be the case when associating solvents are used as 
supercritical fluids (10). 

The number average molecular weights (&) of the six overhead fractions calculated 
from FIMS and GPC are compared to the VPO determinations in Figure 2. The data 
are in good agreement except for the FIMS results for the higher molecular weight 
fractions. Except for the third fraction, sample volatilization exceeded 90 
percent. The low results for the last two fractions are primarily due to 
termination of the spectra at 800 amu. Future FIMS data will be collected out to 
2000 amu. The advantage of using GPC is that it is much faster and more easily 
automated than the other methods. This capability has been invaluable in making 
decisions concerning daily operation of the FDU. 

The GPC profiles of the six fractions are compared in Figure 3. The weight 
average molecular weights are also shown. Similar data on fractions collected 
during a non-reflux, isothermal experiment show much broader distributions and 
little difference between the first and last fractions. Operation in the reflux 
mode, as shown in Figure 3, produces narrower fractions, with an obvious trend to 
larger molecules as the fractionation proceeds. The transition between Fractions 
4 and 5 is noteworthy. Referring back to Figure 1, the overhead concentration 
also increases dramatically at this same time. 
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Figure 4 conta ins r e s u l t s  f o r  t he  chemical c lass  f r a c t i o n a t i o n  performed us ing  
HPLC. Even though t h e  development o f  t h i s  procedure i s  s t i l l  i n  i t s  e a r l y  stages, 
t h e  r e s u l t s  y i e l d  impor tant  in format ion concerning the molecular p roper t i es  o f  the 
f r a c t i o n s  obta ined by s u p e r c r i t i c a l  f l u i d  f r a c t i o n a t i o n .  The q u a l i t a t i v e  chemical 
c lass  d i s t i n c t i o n s  i nd i ca ted  i n  F igure 4 were estimated from the r e t e n t i o n  o f  
neu t ra l ,  ac id ic ,  and bas i c  f r a c t i o n s  obta ined from an SRC I 1  d i s t i l l a t i o n  cu t  (588 
K t o  755 K) by column chromatography. The n e u t r a l  species are more concentrated 
i n  the f i r s t  f r a c t i o n s  (see F igure 4). The l a t e r  f r a c t i o n s  are depleted o f  
neu t ra l  species and show inc reas ing l y  h igher  concentrat ions o f  more p o l a r  
compounds. These observat ions are t e n t a t i v e  u n t i l  t h e  ex ten t  t o  which the  
separat ion i s  a f f e c t e d  b y  t h e  hexane s o l u b i l i t y  o f  t he  samples i s  determined. 

The near- in f rared spec t ra  revea l  on l y  smal l  d i f f e rences  i n  the amounts o f  free -OH 
and r e l a t i v e  -NH f u n c t i o n a l i t y  i n  t h e  so lub le  f rac t i ons .  The absolute weight 
percent o f  oxygen as f r e e  -OH o n l y  increased from 0.6 t o  0.7 between the f i r s t  and 
l a s t  f rac t i ons .  The increase i n  p y r o l l i c  N-H f u n c t i o n a l i t y  p a r a l l e l e d  the 
increase i n  n i t rogen  content  o f  the f rac t i ons .  

More i n t e r e s t i n g  r e s u l t s  were obtained f rom mean molecular parameters ca l cu la ted  
us ing  the IH-NMR data. A summary o f  some o f  t he  t rends i s  shown i n  F igure 5. 
Going from l e f t  t o  r i g h t ,  t he  data po in ts  i n  t h i s  f i g u r e  represent  Fract ions 1 t o  
6, respec t i ve l y .  P o s i t i o n  on the abscissa i nd i ca tes  the mid-point of the 
f rac t i on .  The most no tab le  change i s  i n  the  ca l cu la ted  t o t a l  number o f  r i n g s  
(aromatic, he te rocyc l i c ,  hydroaromatic, naphthenic) per average molecule, which 
shows the most marked change a f t e r  F rac t i on  4. Th i s  i s  cons is tent  w i t h  the  
molecular weight and GPC data. The t r e n d  i n  t h e  number of aromatic r i n g s  per 
molecule p a r a l l e l s  t h i s  observation. There i s  an increase o f  about one 
he te rocyc l i c  r i n g  per  average molecule between F rac t i ons  1 and 6. The ca l cu la ted  
number o f  r i n g  (aromat ic  p lus  he te rocyc l i c )  c l u s t e r s  per average molecule i s  about 
1.5 f o r  t h e  f i r s t  f o u r  f r a c t i o n s  but then increases t o  about 2 i n  t h e  l a s t  two 
f r a c t i o n s ,  

CONCLUSION 

The development o f  t he  f r a c t i o n a l  des t rac t i on  concept was mot ivated by t h e  need t o  
extend d i s t i  1 l a t i o n  technology t o  coal  -de r i  ved systems conta in ing i n t r a c t a b l e  
residuum. I n  o rde r  t o  prov ide d a i l y  i n fo rma t ion  on t h e  operat ion o f  t he  FDU, GPC 
procedures were developed t o  r a p i d l y  cha rac te r i ze  t h e  residuum f rac t i ons .  I n  the  
l ong  term, a l t e r n a t e  procedures such as GPC w i l l  be necessary t o  monitor the 
performance of demonstrat ion and commercial p l a n t s  t h a t  u t i l i z e  o r  generate 
residuum-containing streams. The complexity o f  f o s s i l  f u e l s  a l s o  demands s i m i l a r  
procedures for  mon i to r i ng  the more polar ,  assoc ia t i ng  species. This  provides 
impetus f o r  the development of HPLC separations such as t h e  one repor ted here. 

I n  summary, the t rends i n  t h e  cha rac te r i za t i on  data o f  a se t  of residuum f r a c t i o n s  
prepared by f r a c t i o n a l  des t rac t i on  show t h a t  as the f r a c t i o n a t i o n  proceeds, t he  
average composit ion o f  t h e  f r a c t i o n s  s h i f t s  t o  h igher  molecular weight, lower 
hydrogen-to-carbon r a t i o ,  and increased heteroatom content. The data a l so  show an 
increase i n  both t h e  average s i z e  and average number o f  aromatic r i n g  c l u s t e r s  i n  
t h e  components, along with la rge r  r i n g  c lus te rs ,  and more r i n g  c l u s t e r s  per 
molecule. The t r a n s i t i o n s  are genera l l y  smooth; however, an abrupt change occurs 
i n  some of these t rends du r ing  t h e  l a t t e r  p a r t  o f  t he  f r a c t i o n a t i o n .  

DISCLAIMER 

Reference i n  t h i s  r e p o r t  t o  any s p e c i f i c  product, process, o r  se rv i ce  i s  t o  
f a c i l i t a t e  understanding and does n o t  necessa r i l y  imp ly  i t s  endorsement o r  
favor ing by the Uni ted S ta tes  Department o f  Energy. 
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TAELE 1. A n a l p e r  o f  the 7102 Resldum and the Products of Fractlonal 
Dertraction r l t h  Cyclohexane 

RUN 242a FRICTION NUBER 
TI02 RESIWU( 1 2 2 1_ - 5 6 RESIDE 

C 79.1 88.1 87.7 87.3 87.8 87.6 87.3 73.0 
H 5.9 8.0 7.7 7.5 7.4 7.4 6.7 4.7 
ob 4.0 2.6 3.2 3.7 3.2 3.3 4.0 4.6 
U 1.3 0.8 0.9 0.9 1.0 1.0 1 .2  1.5 

14.3 
5 1.0 0.5 0.5, 0.6 0.6 0.7 0.8 1.9 

8.7 -___ ___-  --__ _- -_  --__ _--- ASH 

H I C  0.89 1.08 1.05 1.02 1.00 1.01 0.91 0.77 

RN (YPO, 353 K. 
PYRIDINE) 

389 413 433 481 588 638 c 

'Approximately 8 percent unconverted coal content. betermined by 
difference. <Not completely soluble. 

3.01 I , I ,  , , 
Finger Tcmperoture. K - 

m6z3 os87 - 
4 6 1 4  0 5 7 5  - 
0 6 0 1  e360 - 

Figure 1 .  Summary of Fractional Oertraction of Wilronville TlOZ Residuum 
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Figure 3. GPC of Wilsonville Residuum Fractions Prepared by Fractional Destraction. 
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Solubi l i ty  and Viscosity Studies of Coal-Derived Preasphaltenes 

Martin 8. Jones and J. Karol Argasinski 

University of North Dakota, Department of Chemistry 
Grand Forks, North Dakota 58202, USA 

INTRODUCTION 

The h i g h  viscosity and poor so lub i l i t y  of coal-derived preasphaltenes (PA)  are  
detrimental t o  the  u t i l i t y  of those materials as fuel sources. These physical 
properties have been widely studied and may be ascribed t o  non-covalent interactions 
such as hydrogen bonding and charge t r ans fe r  (1). f o r  t h a t  reason, several 
researchers have examined d i s so lvab i l i t y  of coal -derived l iqu ids  or extraction and 
swelling of coal as a function of solvent parameters (2-11) and viscosity as a 
function of polarity and molecular weight (12-19). 

Roy and coworkers ( 2 )  have studied ex t r ac t ab i l i t y  of coal a t  35OC as a function 
of the d i e l ec t r i c  constant o f  dipolar  apro t ic  solvents. The r e su l t s ,  however, were 
ambiguous: dimethylsulfoxide (DMSO, = 46.6) was comparable t o  pyridine (E = 12.3) 
and be t te r  t h a n  ethylenediamine ( E  = 14.2). Hombach (3 )  determined so lubi l i ty  
parameters for coals of d i f fe r ing  ranks by measuring the spectrophotometric absorbance 
of ex t rac ts  obtained by t rea t ing  the coals w i t h  binary solvent mixtures. The 
parameters ranged from ca. 20.4 t o  23.0 5''' and, as expected, showed l i t t l e  
dependence on the  chemical nature o f  the solvents i n  the mixture. Likewise, Weinberg 
and Yen ( 4 )  determined so lub i l i t y  parameters f o r  a high vo la t i l e  bituminous ( h v b )  coal 
by swelling measurements a n d  f o r  h v b  coal l iquefaction products by d isso lvabi l i ty  in 
various solvents and solvent mixtures. Two maxima were observed in the swelling 
spectrum of the coal a t  22.5 and 28.6 J1" ~ r n - ~ ' ~ .  Benzene-soluble l iquefaction 
products (asphal tenes) exhibited maximum disso lvabi l i ty  i n  solvents (pure or mixtures) 
with 6 values o f  ca. 19-26 c ~ n - ~ ' ~ .  Benzene-insoluble l iquefaction products 
(preasphaltenes) were dissolved t o  the grea tes t  extent i n  solvents with 6 values of 
ca. 23.5 5''' c~n-~". Marzec, e t  a l .  investigated possible correlations of solvent 
acceptor and donor numbers ( A N  a n d  D N ,  respectively! with ex t r ac t ab i l i t y  (5-7) and 
swelling (7.8) o f  hub coal a t  ambient temperatures. 00th the  extract  y ie ld  and the 
swelling rat io  increased w i t h  increases in  the D N  o r  DN-AN values of solvents. 

Bockrath and  coworkers have reported t h a t  aggregation of asphal tenes and 
preasphaltenes s ign i f icant ly  contributes t o  the  viscosity of coal-derived 1 iquids 
(14) .  Further studies demonstrated t h a t  phenolic content,  representative of 
intermolecular hydrogen bonding, was r e l a t ive ly  more important t h a n  molecular weight 
t o  the viscosity of coal-derived asphaltenes (15).  Likewise, Tewari, e t  a l . ,  from 
studies Of coal l iquids (16, 17) and model compounds (17) ,  have shown t h a t  hydrogen 
bonding, primarily involving phenolic OH and nitrogen bases, is largely responsible 
fo r  the  viscosity of the coal l iqu ids .  Additional evidence for the importance of 
hydrogen bonding was provided by der iva t iza t ion  experiments. Gould, e t  a l . ,  found 
tha t  s i l y l a t ion  of coal l iquefaction bottoms resulted in a four- t o  seven-fold 
reduction in viscosity (13). Pa t e l ,  e t  a l .  reported a substantial  increase i n  the 
d isso lvabi l i ty  of solvent-refined l i g n i t e  in nonpolar solvents a f t e r  s i l y l a t ion  or 
acetylation (20).  a t t r i bu tab le  t o  disruption of intermolecular hydrogen bonding. 

In connection with a study of intermolecular a t t r ac t ive  forces in coal-derived 
l iqu ids ,  we have measured the  quant i ta t ive  d isso lvabi l i ty  of coal preasphaltenes in 
Various Solvents. Described herein a r e  the  r e su l t s  of those measurements and 
correlation of the data t o  f i ve  solvent parameters: 6, net hydrogen bonding index 
(O), O N ,  D N - A N ,  and DN/AN. I n  addi t ion ,  we have determined re la t ive  v iscos i t ies  
( n r e l )  of native and acetylated PA samples of narrow molecular w e i g h t  ranges and 
various model compounds. These measurements were car r ied  out in an e f f o r t  t o  
dete ine the re t i ye  im ortance of molecular weight, hydrogen bonding and charge 
t r a n 9 e r  t o  overa\I viscosPty. 
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EXPERIMENTAL 

The so lvents  employed i n  t h i s  study were reagent grade, obta ined from commercial 
supp l i e rs ,  and were used w i thou t  f u r t h e r  p u r i f i c a t i o n .  A mod i f i ed  ve rs ion  o f  the 
so l ven t  e x t r a c t i o n  procedure o f  Steffgen. e t  a l .  (21)  was used t o  separate the 
preasphal tenes (THF solub le,  to luene inso lub le )  from t o t a l  1 i q u e f a c t i o n  samples 
obtained from the  U n i v e r s i t y  o f  Nor th Dakota Energy Research Center. Room temperature 
a c e t y l a t i o n  o f  a sample o f  PA from run  80 was accomplished f o l l o w i n g  the method of 
Ba l t i sbe rge r ,  e t  a l .  (22) .  Both ace ty la ted  and n a t i v e  PA-80 samples were separated 
i n t o  narrow molecular s i z e  f r a c t i o n s  by p repara t i ve  gel  permeation chromatography on 
Biobeads S-X3 o r  SX8.  

The q u a n t i t a t i v e  d i s s o l v a b i l i t y  o f  the preasphaltene samples was determined by 
mix ing 30 mg o f  PA w i t h  3 m l  o f  so l ven t  i n  a stoppered t e s t  tube i n  an u l t r a s o n i c  bath 
f o r  1 minute. Vacuum f i l t r a t i o n  o f  t he  s o l u t i o n  through e i t h e r  o rd ina ry  f i l t e r  paper 
o r  5.0 um type LS M i l l i p o r e  f i l t e r s  y i e l d e d  the i nso lub le  residue. I nc reas ing  the 
mix ing t ime t o  5 minutes d i d  n o t  increase the amount of preasphaltene d isso lved.  

Re la t i ve  v i s c o s i t i e s  (nrel) o f  t he  PA samples and model compounds were measured 
a t  20°C i n  Canon-Fenske f low-type viscosimeters. 

RESULTS AND DISCUSSION 

Typica l  s o l u b i l i t y  parameter curves are obtained when the d i s s o l v a b i l i t i e s  o f  
representat ive preasphaltenes a re  p l o t t e d  as a func t i on  of Hi ldebrand s o l u b i l i t y  
parameters ( 6 ) .  The preasphaltenes e x h i b i t  maximum d i s s o l v a b i l i t y  i n  so l ven ts  w i t h  6 

ca. 22-23 5''' c ~ n - ~ ' ~ ,  i n  good agreement w i t h  the data o f  Hombach ( 3 )  and Weinberg and 
Yen (4 ) .  However, i n d i v i d u a l  so lvents  w i t h  a range of s o l u b i l i t y  parameters from 18.4 
t o  24.5 J1" are good so lvents  (i.e., > 80% d i s s o l v a b i l i t y )  f o r  the 
preasphaltenes. Two solvents, THF and OMF, are cons is ten t l y  w e l l  above the  smooth 
curve t h a t  may be drawn through the  s o l u b i l i t y  parameter data,  r e f l e c t i n g  the 
i n a b i l i t y  of the predominantly nonpolar Hi ldebrand s o l u b i l i t y  parameter t o  adequately 
account f o r  t h e i r  behavior as so lvents  f o r  preasphaltenes. These r e s u l t s  are not 
unexpected. Larsen, e t  a l .  ( 9 )  have observed t h a t  the s w e l l i n g  o f  p y r i d i n e  ext racted 
I l l i n o i s  No. 6 coal by so lvents  capable of  hydrogen bonding i n t e r a c t i o n s  cannot be 
accounted f o r  s o l e l y  by the  nonpolar 6 value. Exce l l en t  c o r r e l a t i o n  was obtained 
between excess swe l l i ng  (i.e., swe l l i ng  beyond t h a t  expected on t h e  bas i s  o f  6 )  and 
the heat o f  hydrogen bonding o f  t he  so lvents  w i t h  2- f luorophenol  ( 9 ) .  

The ne t  hydrogen bonding index ( 0 )  (23)  takes i n t o  account b o t h  the  format ion o f  
new solvent-so lute hydrogen bonds and the  cleavage o f  e x i s t e c t  so lvent-so lvent  
hydrogen bonds. Thus, methanol, a s t rong ly  hydrogen-bonded so lvent ,  has a negat ive 
value of 0, i n d i c a t i n g  i t s  tendency t o  ma in ta in  so l ven t -so l ven t  hydrogen bonds r a t h e r  
than form new so lven t -so lu te  hydrogen bonds. The a p r o t i c  so l ven t  OMF behaves i n  j u s t  
the opposite fashion,  s ince i t  cannot hydrogen bond t o  i t s e l f .  P lo t s  o f  PA 
d i s s o l v a b i l i t y  versus 0 reveal  a general t rend  o f  i nc reas ing  d i s s o l v a b i l i t y  w i t h  
increas ing 0. However, t h i s  parameter may no t  be used as a r e l i a b l e  p r e d i c t o r  of 
i n d i v i d u a l  so l ven t  e f fect iveness due t o  the excessive s c a t t e r  o f  t h e  data. For 
example, on the  bas i s  of 0 values, acetone would be forecast  t o  be comparable i n  
d i s s o l v i n g  power t o  THF, a p r e d i c t i o n  t h a t  i s  no t  borne ou t  exper imenta l ly .  

Other researchers have noted t h a t  d i s s o l v a b i l i t y  o f  coa l -de r i ved  l i q u i d s  i s  a 
func t i on  o f  more than one s t r u c t u r a l  f e a t u r e  o f  t h e  mater ia ls .  For  example, Snape and 
B a r t l e  (24) have found t h a t  an e m p i r i c a l l y  de r i ved  s o l u b i l i t y  parameter which 
incorporates terms fo r  OH concentrat ion ( rep resen t ing  hydrogen bonding and acid-base 
complexation), r a t i o  o f  bridgehead aromatic t o  t o t a l  carbons ( rep resen t ing  71-11 
complexation), and molecular  weight c l e a r l y  d i s t i ngu ishes  s o l u b i l i t y  ca tegor ies  of 
o i l s ,  asphaltenes, and preasphaltenes. Ba l t i sbe rge r ,  e t  a l .  ( 2 5 )  have obta ined good 
d i s t i n c t i o n  between asphal tenes and preasphal tenes employing a two term parameter 
based on OH concentrat ion ( rep resen t ing  hydrogen bonding) and molar  dens i t y  of 
hydrogen (moles H/100 g sample) ( represent ing n-n and d i spe rs i ve  i n t e r a c t i o n s ) .  Since 
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coal-derl ,  l iqu ids  exhib i t  more than one type of solute-solute interaction (vide 
SU r a ) ,  solvents which completely dissolve these materials must be capable of 
*one type of solute-solvent interaction. Undoubtedly, t h i s  i s  the reason for the 
f a i l u r e  of so lubi l i ty  parameters such as 6 or 0, which are  based primarily on one type 
of interaction, t o  adequately predict  solvent effectiveness f o r  dissolution of 
preasphal tenes. 

Gutmann's donor-acceptor theory of solvent-solute in te rac t ions  is nonspecific in 
nature (26) .  All types of in te rac t ions  - hydrogen bonding, n-n charge t r ans fe r ,  n-n 
charge transfer,  acid-base complexation, and o thers  are  included i n  the  donor number 
(DN)-acceptor number ( A N )  concept. Thus, t h i s  theory i s  potentially more useful fo r  
predicting the extent of preasphaltene d isso lvabi l i ty  i n  various solvents. 

The d isso lvabi l i ty  of the PA samples tends t o  increase with increasing DN values 
of the  solvents, cons is ten t  with the  r e su l t s  o f  Marzec and coworkers (5-8).  However, 
considerable data s c a t t e r  e x i s t s  i n  p lo ts  of DN versus d isso lvabi l i ty .  For example, 
even though DMSO has a subs tan t ia l ly  larger O N  value than does THF (29.8 vs. 20.0, 
respectively),  i t  i s  a poorer solvent than THF for the preasphaltenes. T h u s ,  O N  
values may not be employed as the sole predictor of u t i l i t y  of a given solvent for  
preasphal tene di ssolvabi 1 i ty .  

The results of Marzec, e t  al .  (5-8) were interpreted i n  terms o f  the  importance 
of solvent donor in te rac t ions  w i t h  coal acceptor species (which are e i the r  part  o f  the 
macromolecular network o r  molecules within the pore s t ruc tu res ) .  Although no 
correlation between ex t r ac t ab i l i t y  and solvent AN values was found, these values were 
important in  determining solvent efficiency. Solvents with large values for b o t h  DN 
and  AN, e.g. water and methanol, were incapable o f  extracting the  coal,  presumably 
because solvent donor-acceptor in te rac t ions  were grea te r  than solvent donor-coal 
acceptor interactions.  To incorporate the acceptor properties of the  solvents,  
Marzec, e t  a l .  plotted ex t r ac t ab i l i t y  of coal vs. donor number minus acceptor number 
(DN-AN) values ( 5 ) .  The spread of data in %e result ing graphs was subs tan t ia l ,  
par t icu lar ly  a t  l a rger  DN-AN values. Our r e su l t s  f o r  analogous plots ,  i .e. ,  PA 
d i sso lvabi l i ty  vs. solvent DN-AN values, a lso disclosed a n  unsatisfactory amount of 
s ca t t e r .  These values a r e ,  therefore ,  no more re l iab le  f o r  use i n  predicting solvent 
effectiveness f o r  PA d i sso lu t ion  than are D N  values. 

A second parameter f o r  assessing the re la t ive  importance of solvent donor numbers 
and acceptor numbers i s  the  r a t i o  of DN t o  A N .  Qua l i t a t ive ly ,  a t  l e a s t ,  this r a t io  
measures the strength of the solvent-solute interaction for  the solvent acting as 
donor vs. acting as acceptor. For dissolution t o  occur, the solvent donor and 
aCCeptOrSiteS must replace the  solute donor and  acceptor s i t e s .  T h u s ,  t h i s  r a t i o  may 
a lso be interpreted as giving information regarding the r e l a t ive  contributions of the 
donor s i t e s  and the  acceptor s i t e s  in the solute t o  the overall intermolecular 
interactions.  Plots of D N / A N  vs. preasphaltene d isso lvabi l i ty  are presented in Figure 
1. They are similar in appearance t o  the Hildebrand so lubi l i ty  parameter p lo t s ,  but 
with l e s s  s ca t t e r  of data t h a n  the l a t t e r  graphs. Furthermore, the range of values 
exhibited by good solvents ( >  80% disso lvabi l i ty )  i s  smaller f o r  the D N / A N  plots 
(1.7-2.5) t h a n  for the so lub i l i t y  parameter p lo ts  (18.4-24.5 J1'* c~n-~"  ). Figure 2 
i l l u s t r a t e s  that  D N / A N  values may a l so  be correlated t o  ex t r ac t ab i l i t y  o r  swelling of 
coal. As ant ic ipa ted ,  the maximum ex t r ac t ab i l i t y  or  swelling of coal and the maximum 
disso lvabi l i ty  of PA samples were exhibited by solvents with similar D N / A N  values (ca.  
2 ) .  T h i s  s imi la r  trend i n  preasphaltene d isso lvabi l i ty  and coal ex t r ac t ab i l i t y  or 
swelling lends fu r the r  credence t o  the suggestion of Weinberg and  Yen ( 4 )  t h a t  
molecules similar t o  those found in l iquefaction products e x i s t  in virgin coal, 
probably w i t h i n  a macromolecular pore s t ruc ture .  The maximum of 2 observed in the 
D N / A N  plot suggests t h a t  the contribution t o  the  total  intermolecular a t t r ac t ions  of 
the preasphaltenes by e lec t ron  donor s i t e s  (e.g. oxygen func t iona l i t i e s ,  electron-rich 
aromatic systems) outweighs the contributions by electron acceptor s i t e s  (e.g. 
electron deficient aromatic systems, phenolic protons). Whether t h i s  i s  the r e su l t  of 
the re la t ive  number of donor vs. acceptor s i t e s  or the strength of the s i t e s  as 
electron donors or  acceptors i s t n c l e a r .  
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The value o f  DN/AN f o r  so lvents  seems t o  be more r e l i a b l e  as a p r e d i c t o r  o f  
so lvent  e f fec t i veness  f o r  preasphal tene d i s s o l v a b i l i t y ,  coal e x t r a c t a b i l i t y  o r  coal  
swe l l i ng  than are DN, DN-AN, e,  o r  6. These r e s u l t s ,  then, are i n  agreement w i t h  the  
observations o f  Snape and B a r t l e  (24)  and Ba l t i sbe rge r ,  e t  a l .  (25,). s ince the DN/AN 
parameter encompasses more than one type o f  i n te rmo lecu la r  i n t e r a c t i o n .  

Because o f  the n o n s p e c i f i c i t y  o f  t he  DN/AN .parameter, l i t t l e  i n fo rma t ion  
concerning the  r e l a t i v e  con t r i bu t i ons  o f  hydrogen bonding and charge t r a n s f e r  t o  the 
t o t a l  i n te rmo lecu la r  i n t e r a c t i o n s  o f  the PA samples may be gleaned from the 
d i s s o l v a b i l i t y  study. Previous researchers have demonstrated t h a t  v i s c o s i t y  
measurements can prov ide use fu l  data concerning i n te rmo lecu la r  i n t e r a c t i o n s ,  
p a r t i c u l a r l y  hydrogen bonding (12-19). Therefore, a p re l im ina ry  i n v e s t i g a t i o n  
focus ing on v i s c o s i t y  measurements o f  a preasphaltene sample and model compounds was 
undertaken. Actual  v i s c o s i t i e s  of the m a t e r i a l s  were no t  determined, s ince the 
preasphaltenes and most of t he  model compounds were s o l i d s  a t  room temperature. 
Rather, v i s c o s i t i e s  o f  so lu t i ons  o f  t he  samples i n  THF were measured r e l a t i v e  t o  t h a t  
of  the pure so l ven t  (nrel). 

To assess the  importance o f  molecular weight t o  r e l a t i v e  v i s c o s i t y ,  a 
preasphaltene from run 80 (PA80) was separated i n t o  narrow molecular weight  f r a c t i o n s  
by p repara t i ve  GPC on Biobeads S-X3 and S-X8. The r e l a t i v e  v i s c o s i t i e s  o f  t he  
f r a c t i o n s  vs. concentrat ion are i l l u s t r a t e d  i n  f i g u r e  3. The expected t rend,  i .e.,  an 
increase i n  r e l a t i v e  v i s c o s i t y  w i t h  an increase i n  molecular  weight, was observed 
( c f .  curves a, f ,  h ,  i ) ,  w i t h  one exception. The f r a c t i o n  w i t h  the lowest  molecular  
weight (6-N) e x h i b i t e d  the second l a r g e s t  increase i n  r e l a t i v e  v i s c o s i t y  (curve e ) .  
Th is  r e s u l t  was suggestive o f  a s t rong i n t e r a c t i o n  between THF and f r a c t i o n  6-N. To 
t e s t  t he  nature o f  the i n t e r a c t i o n ,  PA80 was subjected t o  a c e t y l a t i o n  a t  room 
temperature, according t o  the procedure o f  Ba l t i sbe rge r ,  e t  a l .  (22) .  Fo l l ow ing  
separat ion by p repara t i ve  GPC. the r e l a t i v e  v i s c o s i t i e s  i n  THF were again measured. 
Fract ions 1 (h ighest  molecular weight )  and 6 ( lowest  molecular weight )  e x h i b i t e d  t h e  
l a r g e s t  changes upon a c e t y l a t i o n  ( c f .  curves a and b, curves e and 9 ) .  The 
i n t e r v e d i a t e  molecular weight f r a c t i o n s  evinced s l i g h t  o r  no changes i n  r e l a t i v e  
v i s c o s i t y .  D e r i v a t i z a t i o n  o f  coal -der ived l i q u i d s  by a c e t y l a t i o n  has p rev ious l y  been 
demonstrated t o  d i s r u p t  i n te rmo lecu la r  hydrogen bonding (20) .  Thus, t he  subs tan t i a l  
decreases i n  r e l a t i v e  v i s c o s i t i e s  f o r  f r a c t i o n s  1 and 6 may be a t t r i b u t e d  t o  a 
d im inu t i on  i n  the  number o f  hydrogen bond dol ld t ing moiet ies i n  the ace ty la ted  samples. 
These r e s u l t s  argue f o r  hydrcgen bonding t o  be o f  g rea te r  importance than molecular  
weight f o r  v i s c o s i t y  o f  preasphaltenes, i n  agreement w i t h  prev ious r e p o r t s  (15 ) .  
Fu r the r  evidence f o r  t h i s  i n t e r p r e t a t i o n  i s  the observat ion t h a t  the r e l a t i v e  
v i s c o s i t y  o f  a sample o f  po lyst rene (which cannot hydrogen bond t o  THF) w i t h  Mw = 2500 
i s  l ess  tha? t h a t  o f  f r a c t i o n  1 - N  (M, 1950). 

From the preasphaltene samples, we were no t  ab le t o  assess the i n f l uence  o f  
charge t r a n s f e r  on v i s c o s i t y .  Thus, r e l a t i v e  v i s c o s i t i e s  of a c a r e f u l l y  se lected set 
of model compounds i n  THF were measured ( f i g u r e  4 ) .  I n  the ensuing d iscuss ion,  a l l  
comparisons w i l l  be made a t  a constant  concentrat ion of  0.25 M. Charge t r a n s f e r  
between the  nonbonding e lec t rons  o f  the THF oxygen and the  p i  e l e c t r o n  system o f  the 
model compounds does seem t o  p lay  a t  l e a s t  a minor r o l e  i n  determining r e l a t i v e  
v i s c o s i t i e s .  The g rea te r  r e l a t i v e  v i s c o s i t y  of naphthalene (curve h )  compared t o  
t e t r a l i n  (curve i) may be ascr ibed t o  the enhanced p i  system o f  naphthalene. One 
might be tempted t o  apply the same reasoning t o  the  observed increase i n  r e l a t i v e  
v i s c o s i t y  upon going from naphthalene (curve h )  t o  phenanthrene (curve d )  t o  pyrene 
(curve b) .  A p l o t  of r e l a t i v e  v i s c o s i t y  s. reduc t i on  p o t e n t i a l s  (a  measure o f  the 
a b i l i t y  of the aromatic molecule t o  a c t  as an e l e c t r o n  acceptor i n  a charge t r a n s f e r  
complex) f o r  naphthalene, phenanthrene and pyrene reveals  a general t r e n d  o f  
increas ing r e l a t i v e  v i s c o s i t y  as the  reduc t i on  p o t e n t i a l  becomes more p o s i t i v e  ( i  . e . ,  
as the molecule becomes eas ie r  t o  reduce). However, t he  data are sca t te red  on e i t h e r  
s ide  O f  a least-squares l i n e .  I n  a homologous se r ies ,  an increase i n  molecular  weight  
i s  accompanied by an increase i n  v i s c o s i t y ,  due t o  increased London (d i spe rs ion )  
forces. Thus, molecular  weight should a l s o  be considered. A p l o t  o f  r e l a t i v e  
v i s c o s i t y  E. molecular  weight f o r  naphthalene, phenanthrene and pyrene i s  l i n e a r  and 
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contains l e s s  s c a t t e r  of data than does the reduction potential  plot .  T h u s ,  molecular 
weight i s  probably more important i n  determining r e l a t ive  viscosity t h a n  i s  charge 
t ransfer .  

The  e f f ec t  of  hydrogen bonding on r e l a t ive  viscosity can a l so  be seen i n  f igure  
4. 2-Naphthol (curve c )  has a much grea te r  r e l a t ive  viscosity than does E-methoxy- 
naphthalene (curve e ) .  The difference between the two a r i se s  from the a b i l i t y  of 
2-naphthol t o  donate hydrogen bonds t o  THF. Furthermore, hydrogen bonding must play a 
more important ro l e  i n  determining the  r e l a t ive  v iscos i ty  of the model compounds than 
does charge t ransfer .  This can be seen by comparing the r e l a t ive  viscosity of 
quinoline (curve g) t o  1,2.3,4-tetrahydroquinoline (THQ, curve f) .  Quinoline may be 
considered analogous t o  naphthalene, since both possess two fused aromatic rings, and 
THQ to t e t r a l i n ,  s ince  both possess a reduced ring fused t o  an aromatic ring. 
However, unlike the naphthalene-tetralin pa i r ,  quinoline possesses a lesser r e l a t ive  
viscosity than THQ. This resu l t  must a r i s e  from the  hydrogen bond donating capabili ty 
of THQ. 

In summary, t he  grea tes t  influence on r e l a t ive  viscosity of model compounds and 
preasphaltenes in THF appears t o  be hydrogen bonding. Second i n  influence i s  
molecular weight, a measure of the extent of London forces. Finally.  charge t ransfer  
seems to be only a minor contributor t o  overall r e l a t ive  viscosity of the  samples. 
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R e l a t i v e  v i s c o s i t y  o f  $ rac t i ona ted  P480 ( n a t i v e .  N. and ace ty la ted .  A )  as Figure 3.  
a f vnc t i on  of  concen t ra t i on .  Molecular  weignts  were de temined  by CPC. 

1.n. ?I : 1950: ( 3 )  f r a c t i o n  1-4. Fw = 1830: ( c )  un f rac t i ona tea  D480-N; ( d l  un f rac t i ona ted  

1480-A? ( e )  f r a c t i o n  6-N ,  iw = 135;  ( f )  f r a c t i o n s  2 4 .  F, = 1050 and 2 4 .  ,iiw = 953: 
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Figure 4. Relative viscosity o f  model compounds a s  a function o f  
concentration. (a) 2.7-dihydroxynaphthalene; ( b )  pyrene; ( c )  2-naphthol ; 
(d) phenanthrene; (e) 2-methoxynaphthalene; ( f )  1.2,3.4-tetrahydroquinOl ine; 
(9) quinoline; (h) naphthalene; (i) tetralin. 
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POLYSTYRENE AND POLY (VINYL NAPHTHALENE) OLIGOMERS 
FOR MOLECULAR WEIGHT ANALYSIS OF COAL LIQUIDS 

R.J. Baltisberger, M.B. Jones and J.F. Schwan 

Department of Chemistry, University of North Dakota, 
Grand Forks, ND 58202 

INTRODUCTION 

Knowledge o f  the structure of coal derived asphaltenes and preasphaltenes i s  of 
significant value because of the current i n t e re s t  in conversion o f  coals t o  l i q u i d  
fuels and/or chemical feedstocks. Considerable e f fo r t  has been devoted t o  analyses Of 
the chemical composition and t o  the postulation of possible structures of these 
complex aromatic materials (1-3). Physical properties o f  coal derived l iquids (CDL) 
such as viscosity,  so lubi l i ty ,  and melting points are t o  a large extent determined by 
chemical composition. Molecular s ize  and the d is t r ibu t ion  of sizes of CDL a r e  a l so  of 
c r i t i ca l  importance t o  the aforementioned properties. Snape and Bartle ( 4 )  have 
published a paper describing a n  empirical so lubi l i ty  parameter which re la tes  the 
average molecular weight, the w t  % acidic OH (a measure o f  polarity) and r a t io  of 
junction aromatic carbons t o  to ta l  carbon (a measure of w - 1 ~  and dispersive 
interactions) to so lub i l i t i e s  of CDL i n  pentane, benzene and pyridine. 

The techniques most comnonly used t o  measure average molecular weights are vapor 
pressure osmometry (VPO) and gel permeation chromatography (GPC). VPO yields only a 
number average molecular weight value (M,) while GPC techniques can g i v e  both Mn and a 
weighted average molecular weight ( M w ) .  Measurement of Mn and Mw by GPC techniques 
requires knowledge of the detector response on a per weight basis over the range of 
masses studied. A constant absorbance per gram of material would be most desirable 
i f ,  f o r  example, a U V  detector is used. A second requirement, which i s  the focus of 
this report, i s  tha t  su i tab le  standards be available f o r  the calibration of the  GPC 
column. Mulligan e t  a l .  ( 5 )  showed tha t  narrow polystyrene fractions (Mww/Mn < 1.10) 
and a ser ies  of polynuclear standards without highly condensed structures can be used 
t o  calibrate an analytical GPC column fo r  use with the analysis of super-crit ical  gas 
extracts of coal. I t  was concluded tha t  the above standards gave re l iab le  molecular 
weight values for  coal derived mixtures containing cats condensed aromatics w i t h  alkyl 
or aryl-aryl linkages between aromatic systems. 

Our study was in i t i a t ed  to  determine what types of standards'would be suitable 
fo r  the GPC analysis of highly condensed peri aromatics t ha t  would r e su l t  during coal 
liquefaction under SRL or donor solvent conditions. Analysis of highly condensed 
aromatic oligomers synthesized in this  study indicates tha t  these molecules are 
subject t o  retardation and considerable sca t t e r  on GPC columns re la t ive  t o  polystyrene 
standards. The retardation does not appear t o  be a function of absorption, but rather 
a length reduction of the oligomer due t o  aromatic condensation. The GPC response can 
be made l inear by multiplication of the molecular weight by Haru /Car  (a measure of 
aromatic condensation). These s i ze  corrected molecular weights a re  l inear  w i t h  
retention volume, but are not colinear with the retention volume of polystyrene o r  
poly(viny1 naphthalene) (PVN) oligomers of narrow molecular ranges (Mw/Mn < 1.1). 
Coal derived l iquids from SRC-I or SRC-I1 type processes have Haru /Car  values m r e  
l i ke  the highly condensed aromatics synthesized i n  ou r  study. Narrow molecular weight 
fractions of these SRC materials are retarded re la t ive  t o  polystyrene and poly(viny1 
naphthalene) standard responses. The response of SRC materials a re  colinear w i t h  the 
response of highly condensed aromatic standards when the "corrected molecular weight" 
i s  plotted versus retention volume. 
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EXPERIMENTAL 

Materials 
Polystyrene standard ol igomers were obtained from Polysciences, Inc. Other 

standard compounds and poly(vinylnaphtha1ene) oligomers were synthesized from various 
s ta r t ing  materials. The de t a i l s  of these syntheses a re  described i n  previous reports 
(6).  Poly(viny1 naphthalene) and polystyrene oligomers were synthesized by anionic 
polymerizations i n  diethyl ether i n i t i a t ed  by n-butyllithium a t  a proper ra t io  of 
i n i t i a to r  t o  substrate t o  establish the polymer size.  Solvent refined l i gn i t e  (SRL) 
asphaltene and preasphal tene samples were obtained from the University of North Dakota 
Energy Research Center. The samples were produced u s i n g  synthesis gas o r  hydrogen a t  
27.6 MPa and 460°C w i t h  o r  without recycle of the vacuum bottoms of the product. The 
l i gn i t e  used was a North Dakota seam, Beulah three. 

Preparative Scale GPC 
Prior t o  GPC separation a l l  the SRL samples were acetylated i n  order t o  convert 

the hydroxyl s i t e s  t o  t h e i r  acetate forms. The SRL asphaltenes and preasphaltenes 
were further separated i n t o  narrow molecular weight fractions using a 50 nun id x 120 
cm glass column packed with 8io-Beads S-X3 (200-400 mesh) styrene-divinyl benzene. 
Freshly d i s t i l l ed  toluene or pyridine was used as the solvent. The polydispersive 
indices for the SRL f rac t ions ,  Mw/Mn,  were measured t o  be i n  the range 1.05 t o  1.15 
using the analytical  chromatographic analyses described below. Polystyrene and 
poly(viny1 naphthalene) ol igomers were a l s o  isolated in to  narrow molecular weight 
ranges using benzene as the  solvent with S-X8 o r  S-X3 columns. Elemental analyses of 
the fractions were performed by Spang Microanalytical Laboratory and number average 
molecular weights were determined in our laboratory u s i n g  a Wescan Model 117 Vapor 
Pressure Osmometer. I n  normal runs, 2-3 concentrations over the range 1 t o  50 g /kg  of 
pyridine were employed f o r  extrapolation to  in f in i t e  dilution. 

Analytical Scale GPC 
Analytical scale GPC analyses (HPLC)  were carried out using three 10 nm and one 

50 nm u-styragel columns i n  s e r i e s ,  with THF ( U V  grade, Burdick and Jackson) as the 
mobile phase. A Laboratory Data Control Model 1205 UV Monitor was used as the 
detector (254 nm) and a Waters Model UK6 in jec tor  was used t o  in jec t  samples of about 
10 u1 a t  10 mg/ml. Samples were f i l t e r ed  across a 0.5 millipore f i l t e r  prior to  
injection. The flow ra te  was usually maintained a t  1.0 m L / m i n  t o  prevent pressures in 
excess of 1000 ps ig .  

RESULTS AND DISCUSSION 

The influence o f  aromatic r i n g  condensation i s  i l l u s t r a t ed  i n  Figure l a  fo r  plots 
of logarithm MW versus length of model compounds and polystyrene. The  model compounds 
consist of aromatics from benzene to  pyrene w i t h  methylene, e ther  or aryl-aryl 
linkages. The length was estimated using Dreiding stereomodels assuming the oligomers 
are fu l ly  extended i n  the  THF solvent used i n  the CPC experiments. The corrective 
nature of the H a r u / C a r  ( f rac t ion  of edge aromatic carbons) i s  shown in Figure l b .  The 
slope changes from 0.024 i 0.003 i r i  Figure l a  t o  0.026 % 0.0015 i n  Figure l b .  
Polystyrene, which i s  a d i f fe ren t  shaped polymer w i t h  benzene pendant groups follows 
i t s  own l inear  p lo t  (slope = 0.015 +_ 0.0035). Figure 2a i l l u s t r a t e s  the  log MW versus 
retention volume for both polystyrene and the  model compounds. Note the highly 
condensed model compounds l i e  above the polystyrene l i ne ,  which i s  consistent with a 
reduced volume o r  length per molecule. The inclusion of the Haru /Car  term with MW 
greatly reduces the s c a t t e r  of the models. The slope changes from -0.049 t 0.008 in 
Figure 2a to -0.058 * 0.004 in Figure 2b. The uncertainties reported are a t  the 90% 
confidence leve ls .  The uncertainty of the models a re  reduced by 50% by use of the 
fac tor  Haru/Car.  
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, T h a t  SRL narrow molecular weight fractions tend t o  e lu te  a t  longer times re la t ive  
'% t O  polystyrene i s  i l l u s t r a t ed  in Figure 3a. T h i s  retardation would be consistent with 

these SRL samples being so  condensed tha t  the length of the molecules has been 

MW term drops the SRL compounds below the polystyrene l i ne  a s  shown i n  Figure 3. 
However, the sca t te r  is improved with SRL slopes of -0.067 * 0.005 i n  Figure 3a t o  
-0.061 * 0.003 in Figure 3b. The uncertainty i s  reduced because the highest and  
lowest MW fractions are the most condensed f o r  these SRL samples. Mulligan e t  a l .  (5 )  

used to  ca l ibra te  GPC columns f o r  super-crit ical  gas (SCG) ex t rac ts  of coal. The 

samples used i n  our work. 
Two additional types of oligomers a re  being synthesized and studied. F i r s t ,  

poly(viny1 naphthalene) and poly(viny1 phenanthrene) oligomers from 300 to  3000 g/mole 
are being prepared t o  t e s t  the significance of the length factor.  The length of these 
oligomers i s  predominantly determined by the alkyl chain, as with polystyrene. A 
second se t  of oligomers of polynuclear aromatic moieties connected by aryl-aryl,  
methylene and ether linkages i n  the range 600 t o  3000 g/mnol are being synthesized t o  
extend the range of the highly condensed oligomers. 

Four poly(viny1 naphthalene) oligomers from 300 t o  2000 g/mol when plotted on 
Figure 2a f a l l  on the same l ine  as  polystyrene. Poly(viny1 naphthalene) oligomers are 
shorter molecules with l e s s  molar volume than a polystyrene oligomer of similar 
molecular weight. T h u s ,  one would predict tha t  poly(viny1 naphthalene) should e lu te  
a t  longer retention times re la t ive  to  polystyrene, contrary to  the observed results.  
The data suggest t ha t  the PVN oligomers a re  associated w i t h  more THF molecules than 
are the  polystyrene oligomers, giving a larger volume (or length) to  the PVN materials 
or tha t  neither oligomer is fu l ly  extended in the THF solvent. Further studies will 
be carried o u t  t o  t e s t  these hypotheses. 
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COAL EXTRACTION BY COMPRESSED FLUIDS: A NEW PARAMETER 

Mohamed A. Serageldin and Abdullatef I. Hamza 

Michigan Technological University 
Chemistry and Chemical Engineering 

Houghton, Michigan 49931 

INTRODUCTION 

Extraction of coal and similar materials with dense gases may 
become an important way of obtaining organic chemicals. The 
resulting hydrocarbon residue is also a better fuel. Many studies 
[1-17] were undertaken to understand the effect of a solvent on 
hydrocarbon yield and nature of the extract; the yield was found to 
depend on pressure (or density), temperature and extraction time. 

To evaluate the potential of a solvent under near liquid 
densities, a number of parameters were adopted: 

1. The first, a gas solubility parameter, which has the 
following form (151. 

where P is the critical pressure, p 
of 6 
cons&ant for a given material [18,191. 
several researchers to express the effectiveness of a number of 
solvents under dense gas [ll, 15, 20, 211 and dilute gas (14, 221 
conditions. Vasilakos et al. [ll] showed that for pure paraffins 
tested at one temperature there is a linear relationship between 
yield and increase in solvent molecular weight. However, such a 
correlation is reduced when different groups of solvents are lumped 
together (201. On the otherhand, for a pure solvent, a parabolic 
expression is necessary to represent the change in yield with 
solubility parameter i.e. the yield decreased after a point with 
increase in the solubility parameters. The occurence of a maximum 
in the yield curve was also observed when extraction was performed 
with dilute gases [14,22]. The maximum can be accounted for using 
equation ( 3 )  which was originally derived by Hilderbrand and Scott 
(18,191 and adapted for gases ( 1 6 1 .  

gas density, p I 1  liquid density 
the liqugd solubility parameter which is ltquid density and 6 e Equation (1) was used by 

2 Y2 
6 1  v2 (62 - 61)2 = -RT In - 

y1 
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where 4 ,  V and Y refer respectively to volume fraction, molar 
volume and mole fraction in the gas phase. The subscripts 1 and 2 
refer to solvent and solute, respectively. Accordingly, a maximum 
solubility would occur when 6 = 6 
the case of mixed solvents [1&,221. 

of state after making a number of approximations [23,241: 

This did not occur, however in 
2 '  

2. The second parameter is derived using the virial equation 

C -  
2 In 7 = (V - 2B12)/V 2 c2 

(4) 

where C is the concentration of the solute in the vapor solvent 
mixture and Co that in the absence of the solvent gas both recorded 
at the same temperature. V and V refer respectively to the molar 
volume of the mixture and solute.2 B,, is the interaction second 

2 
2 

virial coefficient. 

1F BIZ = (Bll 

C then In 1 

B and B are the 
shiute reZ$ectively 

I L  

second virial coefficients for solvent and 
Thev reuresent interactions of pairs of like < .  

-B1l molecules. They are a function of temperature only. A plot of 
against extraction yield for a group of solvents, including 
alcohols, aromatics and paraffins, resulted in a maximum in the 
yield curve which seems to shift to lower values of -B 
temperature. Fong et al. [11 attributed the lower yiela at the 
higher values of -B 
molecules. 

with 

to the size and shape of the solvent 11 
3 )  Other parameters have also been suggested: 
For example, the critical temperature was reported [10,12,241 
to follow closely extraction yield. Kershaw [ l o ]  suggested the 
use of the product of the boiling temperature T (K) and the 
density of solvent at 20°C. b 

A NEW PARAMETER 

A theoretical description of the factors that control the 
solubility of a hydrocarbon material in a dense gas is rather 
involved and will invariably contain functions that will be either 
difficult to measure experimentally or to calculate. Therefore, an 
intuitive approach was preferred for the sake of simplicity. 
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There are numerous illustrations in the literature that point 
to the dependence of the amount of a solute, Y 2 ,  dissolved in a 
solvent on both the density, P ,  and temperature, T, of a dense gas 
i.e.: 

1F a generalized relationship is to be found between temperature and 
density the above physical properties should be written in their 
reduced form according to the prinicpal of corresponding states 
[251. 

Hence Y = Y (pr, Tr, w )  ( 7 )  2 

The acentric factor, w ,  by Pitzer et al. E251 was included in 
equation ( 7 )  to account for the deviation of a complex fluid from 
simple fluid behavior due to intermolecular interactions. 

an increase in temperature produces the opposite effect, the 
following depence of Y 2  on the reduced density and temperature is 
proposed [ p  = l/V,I: 

Since an increase in pressure will increase the density while 

Y2 = A exp(-E/RT)- [~ 
where A and n are dimensionless constants; E is the activation 
energy: R, is the gas constant; T is the absolute temperature; w is 
the acentric factor; V the reduced molar volume of the gas mixture 
and T is the reduced gemperature. The exponential term was 
introzuced to account for the effect of temperature on the 
distribution of the solvent molecules. 

DISCUSSION 

To test the model the experimental results for three 
combination of solvent-solute system [7,17] were compared: 
(i) Naphthalene-fluoroform, (ii) Naphthalene-carbon dioxide and 
(iii) Phenanthrene-carbon dioxide. This choice enabled us to 
evaluate the effect of the solvent tested on the values of E/R and 
the constant A on the one hand and on the suitability of the 
proposed form of equation ( 8 )  on the other hand. However, the 
predicted values of Y 
Soave-Redlich Kwong [361 equation which was used to evaluate the 
molar volume V and to a lesser extent on the values of the critical 
properties, (Tables 1 to 4 ) .  A sample of the results for the model 
compounds is shown in Tables 5 and 6. The values of A and E/R in 
equation ( 8 )  were obtained by regression analysis and are given in 
Table 7. 

will also depend on the success of the 
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Several points are worthy of note: 
1- A and E / R  for fluoroform are lower than those for carbon 

2 -  The values of Y in a phenanthrene-carbon dioxide system were 
dioxide. 

better correlated by equation ( 8 )  than in the Naphthalene 
carbon dioxide system. 

each temperature (e.g. P = 60.5 x 10 * N/m’ in Table 5) were 
omitted because of the large deviation. 
significantly alter the values of A ,  E / R  or r. 

2 

3 -  In the Naphthalene-fluoroform system he f rst set of data at 

This did not 

Tables 8 - 1 1  shows the results for coal. Because extraction was 
performed at only one temperature, equation ( 8 )  was rewritten as 
follows : 

% Ext. = a + b. w / V  T (9) r r  
The predicted values for the paraffins and aromatics (Tables 8 and 
10) are far better than those for the alcohols (Table 9). This is 
also indicated by the higher values of r in Table 11. 

At this stage it is appropriate to compare the predictions with 
equation (9) to those involving other parameters mentioned before. 
Table 1 2  shows the results when the solubility parameter in equation 
(1) was compared to extraction for the same solvent groups studied 
in Table 11. The results show that both w / V  T and 6 represent well 
the paraffins and alcohols but that the firsf 5arameter provides a 

b better indicator for the aromatics. The same can be said about T 
and of a number of other parameters (see Table 13). The suggestion 
by Kershaw [lo] that the product of Tb and the density at 20°C is a 
useful parameter to estimate conversion is interesting considering 
that Tb is proportional to the enthalpy of vaporization, AH , at 298 
K 1191 . 
between 285 and 408 K, the relationship with extraction was as 
follows : 

For a large number of. non polar hydrocarbons boilixg 

Tb 1 4 0  + 0.0269~H~ 
- - ; r = 1.0 % Ext. - - - 

V V 

which explains the high correlation coefficient recorded in Table 
13. The constants in equation (10) will depend on the solvent group 
regressed. Considering that AH at the critical point is zero, the 
use of an equation containing room temperature parameters to 
correlate together data of several groups of supercritical solvents 
would at first seem questionable unless a significant part of solute 
was extracted during the heating up stage i.e. below supercritical 

V 
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conditions. However, most of the parameters discussed in this 
report can in one case or another be linearly related to extraction 
yield: 

1 Ext. = a + b 0 (11) 

where e can be visualized to have the form of the cohesive energy 
density or internal pressure as defined in Hilderbrand and Scott 
[18 ,191.  

C e = -  
V 

Therefore, for a function to be successful the value of c should 
closely represent molecular interaction which explains the success 
of room temperature parameters and of simple physical parameters f o r  
predicting dense extraction in the case of one group of solvents and 
its failure when different mixed groups are analyzed together. 

CONCLUSIONS 

1. A new parameter was presented which predicts well the effect of 
varying the temperature and pressure of a pure solvent on 
yield, using model compounds. 

2.  In the case of coal the parameter w/V T was consistantly r r  highly correlted with percent extraction, whereas the linear 
correlation with 6 was lower in the case of the aromatics. It 
was also lower in the case of the alcohols with - B 11' 

Tb ' 3 .  Parameters based on one or two physical properties (e.g. 
T ) may be useful in predicting the trend produced by one group 
og solvents. However it is not wise to generalize their 
usefulness for groups of solvents. 
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Table 1. Phys ica l  P r o p e r t i e s  of  P a r a f f i n  Solvents  [Ref .  251. 
~ 

Solvent  Tc,K Pc, a t m  Vc,m3/kgmol w 

Pentane 
Hexane 
Heptane 
Octane 
Nonane 
Decane 
Undecane 
Dodecane 

594.6 
617.7 

658.3 
638. a 

33.3 
29.3 
27.0 
24.5 
22.8 
20.8 
19.4 
18.0 

0.304 

0.660 
0.713 

0.251 
0.260 
0.351 
0.394 
0.444 
0.490 
0.535 
0.562 

Table 2. Phys ica l  P r o p e r t i e s  of  Alcohol Solvents  [Ref. 251. 

Solvent  Tc , K  Pc,atm Vc,m3/kgmol w 

Methanol 512.6 
E thano 1 516.2 
Isopropanal 508.3 
I sobut ano 1 547.7 
Cyclohexanol 625.0 
m-cresol 705.8 

79.9 
03.0 
47.0 
42.4 
37 .O 
45.0 

0.118 0.559 
0.167 0.635 
0.220 0.424 
0.273 0.588 
0.327 0.550 
0.310 0.464 

~~ ~~ ~ 

Table 3. Phys ica l  P r o p e r t i e s  of  Aromatic Solvents  [Ref .  251. 

Solvent  T c , K  Pc , a t m  Vc ,m3/kgmol w 

Benzene 562.1 
Toluene 591.7 
0-xy lene  630.2 

48.3 
40.6 
36.8 

0.259 0.212 
0.316 0.257 
0.369 0.314 

Table 4. Phys ica l  P r o p e r t i e s  of Solvents  Used w i t h  
Naphthalene and Phenanthrene. 

~~ 

Solvent  Tc , K  P ,atm Vc,m3/kgmol w 

Fluoroforma b299. 0 48.8 0.133 0.275 
Carbon Dioxide 304.2 72.8 0.094 0.225 

(a )  Reid and Schmit t  [Ref .  71 
( b )  Reid e t  a1 [Ref. 251 
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Table 5. Experimental and Predicted Vapor Mole Fraction, Y2, 
of Naphthalene in Naphthalene - Fluoroform System 
at T = 318°K. 

P ~ ~ o - ~  v a  W/V,T, Y2.10J %Dif f I 

N/m2 m3/kgmol Exp . Pred. b 

60.5 0.238 0.145 0.857 1.1E7 -38.51 
73.3 0.159 0.217 3.300 2.846 13.76 
96.1 0.116 0.298 7.040 5.654 19.89 
141.3 0.094 0.367 10.090 8. a55 12.24 
221.0 0.081 0.427 12.300 12.246 0.44 
351.3 0.072 0.481 13.400 15.847 -18.26 

(a) Soave Redlich-Kwong [Ref. 261 
(b) From Reid and Schmitt [Ref. 171 
( c )  Using Equation (9) 

Table 6. Experimental and Predicted Vapor Mole Fraction, Yg, of 
Phenanthrene in Phenanthrene - Carbon Dioxide 
System at T = 328"k. 

P ~ ~ o - ~  v a  w/VrTr Y2. 10: %Diff 

Pred.c b 3 
Exp . N/m2 m fkgmol 

120.0 0.102 0.191 0.465 0.509 -9.46 
160.0 0.077 0.255 1.510 1.370 9.27 
200.0 0.068 0.290 2.140 2.114 1.21 
240.0 0.063 0.313 2.790 2.769 0.75 
280.0 0.059 0.331 3.190 3.356 -5.20 

( a )  Soave Redlich-Kwong Equation IRef.261 
(b) From Kurnick, Holla and Reid [Ref. 171 
( c )  Using Equation (8) 
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Table 7. Regression Analysis Data for Model Compounds. 

r n Data 
E/R Points A Solvent 

class 

Fluoroform a 26.90~10~ -4058.f567 2.16 18 0.97 
Naphthalene 

Naphthalene 
Fluoroform a 29.73~10~ -4215.f342 1.76 15 0.98 

Naphthalene 
Carbon Dioxidea 29.58~10~ - .4822.*504 2.98 36 0.96 

Phenanthrene 
Carbon Dioxideb 14 .69x105 -5289.*366 3.44 15 0.99 

(a) Reid and Schmitt [Ref. 71 
(b) Kurnick, Holla and Reid [Ref. 171 

Table 8. Experimental and Predicted Values of Material 
Extracted from Coal Using Paraffin Solvents 

I Difference X Extraction Solvent w/VrTra 
Exp . Pred . 

Pentane 0.146 18.43 18.73 
Hexane 0.227 19.26 19.18 
Heptane 0.335 19.70 19.79 
Octane 0.451 20.70 20.44 
Nonane 0.625 21.17 21.42 

22.10 Decane 0.745 22.75 
Undecane 0.921 23.16 L . 2 .  2.0 
Dodecane 1.079 23.56 23.98 

r ,  c 

-1.47 
0.42 
0.40 
1.26 

2.36 
0 . 2 6  

-1.18 

-1.78 

3 (a) V from Reference 11. 
(b) Vasilakos et a1 [Ref. 111 at T=673K and V=O.364 m /Kgmol 
(c) from Equation (9) 
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Table 9. Experi:na:i::;iI. a r i d  Predicted Values of Material 
Extracted from Coal Using Alcohol Solvents. 

4, Difference X Extraction 
Pred. Solvent /VrTra Exp . b 

Methano 1 0.191 18.90 
Ethanol 0.313 25.50 

28.80 Isopropanol 0.261 

18.15 
28.71 
24.28 

3.97 
.12.59 
1.57 

IsobutHnol 0.544 45.30 48.73 -7.57 
Cyclohexanol 0.741 61.80 65.80 -6.47 
m-Cre so 1 0.839 79.70 74.34 6.73 

(a) V from reference 20. 
(b) Jezko et a1 [Ref. 201 at T=723 K and P=20MPa 
(c) from Equation (9) 

Table 10. Experimental and Predicted Values of Material 
Extracted from Coal Using Aromatic Solvents. 

Z Extraction - X Difference 
Pred. w/VrTra b Solvent 

Exp . 
Benzene 0.209 37.90 37.01 
Toluene 0.319 39.20 40.70 
0-xylene 0.480 46.70 46.09 

2.35 
-3.83 
1.31 

(a) V from reference 20. 
(b) Jezko et a1 [Ref. 201 at T=723K and P=20MPa 
( c )  from Equation ( 9 )  
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Table 11. Regression Analysis Data for Coal. 
%Ext = a + b(ofV T r r) 

Data a b Points Solvent Group r 

Para f f inga 17.90*0.27 5.63i0.42 8 0.98 
Alcoho 1 s 1.63i4.22 a6.65k7.81 6 0.98 
Aromatics 30.0i3.38 33.5i9.56 3 0.92 

(a) Vasilakos et al. [Ref. 111 (b) Jezko et al. [Ref. 201 

Table 12. Regression Analysis Data for Coal using 
Solubility Parameter 6 from equation (1). 

%Ext = a + b6 
Data 
Points Group r 

Paraff inBa 11.21k.O. 68 3.05f10.21 a 0.98 
Alcohols -12.37*1.95 15.40i0.50 6 1.00 
Aromatics -16.53i37.63 13.04i8.47 3 0.64 

a b Solvent 

(a) Vasilakos et al. [Ref. 111 (b) Jezko et al.[Ref. 201 

Table 13. Regression Analysis Data for Selected Physical 
Properties with X Extraction 

Linear Regression Coefficient, r 

Tba p25 Pexp.C T6P25 TEPexp. Tca -B1l 
b d 

Solvent 
Group K kgfm3 kg/m3 K.kgfm 3 K.kgfm3 K m 3 fkgmol 

Paraffins 0.98 0.86 0.99 0.97 0.99 0.98 0.98 
Alcohols 0.99 0.93 0.99 0.96 0.99 0.96 0.96 
Aromatics 0.55 0.00 0.73 0.49 1.00 0.90 0.93 

(a) Tb and T from Reid et a1 [Ref. 251; 
(b) at 25 C, from Timermans [Ref. 271; 
( c )  p , from experimental data in references [11,201 
(d) BTyPcalculated according to ref. 25. 

O C  
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THE DYNAMICS OF THE THERMAL SOLUBILIZATION 
OF ILLINOIS NO. 6 COAL. 

T e t s u o  Aida, Bogdan Slomka, J u l i a n n a  C. S h e i ,  
Yu-Ying Chen, and Thomas G. Squi res  

A m e s  Labora tory ,  
Iowa S t a t e  U n i v e r s i t y  

A m e s ,  Iowa 50011 

INTRODUCTION 

The role  of r e t r o g r e s s i v e  r e a c t i o n s  i n  l i m i t i n g  t h e  r a t e  and 
e x t e n t  o f  c o a l  l i q u e f a c t i o n  h a s  l o n g  b e e n  r e c o g n i z e d  (1). Whi le  t h e  
n e g a t i v e  impact  of  t h e s e  phenomena on t h e  o v e r a l l  convers ion  i s  c l e a r ,  
t h e i r  c h e m i c a l  n a t u r e  and t h e  e x t e n t  of  t h e i r  i m p a c t  have  y e t  t o  be 
e l u c i d a t e d .  T h i s  i s  d u e ,  i n  p a r t ,  t o  t h e  c o m p l e x i t y  of t h e  problem 
a n d ,  more i m p o r t a n t l y ,  t o  t e c h n i c a l  d i f f i c u l t i e s  i n  r e s o l v i n g  and 
i n v e s t i g a t i n g  c o n s e c u t i v e  dynamic p r o c e s s e s  a t  high tempera tures  and 
p r e s s u r e s .  

Almost f o r t y  y e a r s  ago, Neuworth ( 2 )  and Glenn and h i s  co-workers 
(3) addressed t h i s  problem by equipping  an  a u t o c l a v e  w i t h  a c o l d  head 
r e c e i v e r .  In  t h i s  way, t h e y  hoped t o  suppress  r e t r o g r e s s i v e  r e a c t i o n s  
by removing d i s t i l l a b l e  products  from t h e  h o t  r e a c t i o n  zone as soon a s  
t h e y  were formed.  More r e c e n t l y ,  t w o  o t h e r  a p p r o a c h e s  h a v e  been  
u t i l i z e d .  S h o r t  c o n t a c t  t i m e  (SCT) exper iments  have been employed as 
a means of  c o n t r o l l i n g  s e c o n d a r y  r e a c t i o n s  i n  h o p e s  t h a t  p r i m a r y  
p r o c e s s e s  w i l l  dominate  t h e  convers ion  ( 4 ) .  I n  t h i s  approach,  tub ing  
bombs c o n t a i n i n g  t h e  c o a l  l i q u e f a c t i o n  mixture  a r e  r a p i d l y  hea ted  t o  
a n  a p p r o p r i a t e  t e m p e r a t u r e ,  maintained a t  t h e s e  c o n d i t i o n s  f o r  a s h o r t  
t i m e ,  and  q u i c k l y  c o o l e d  t o  room t e m p e r a t u r e .  O t h e r  i n v e s t i g a t o r s  
(5 ,6 ,7 )  have  p l a c e d  l i q u e f a c t i o n  p r o d u c t s  (e.g. SRC) i n  a n  a u t o c l a v e  
under  l i q u e f a c t i o n  c o n d i t i o n s  i n  o r d e r  t o  e x p l o r e  secondary r e t r o g r e s -  
s i v e  phenomena. 

However, i t  s h o u l d  be q u i t e  obvious t h a t  e x p e r i m e n t a l  approaches 
which c o n f i n e  s t a r t i n g  materials, i n t e r m e d i a t e s ,  and p r o d u c t s  t o  t h e  
same r e a c t i o n  s p a c e  throughout  t h e  c o u r s e  of t h e  convers ion  are s imply 
i n c a p a b l e  of r e s o l v i n g  p r o d u c t i v e  and  c o u n t e r - p r o d u c t i v e  p r o c e s s e s .  
From t h i s  p e r s p e c t i v e ,  a u t o c l a v e s  and t u b i n g  bombs p r o m o t e  ( r a t h e r  
t h a n  i n h i b i t )  secondary i n t e r a c t i o n s  between unreac ted  c o a l  and p r i -  
mary p r o d u c t s ,  t h u s  o b s c u r i n g  p r i m a r y  p a t h w a y s  i n  t h e  c o n v e r s i o n  
process .  Consequent ly ,  dynamic a n a l y s i s  of convers ion  r a t e s  and pro- 
d u c t s  i s  n o t  on ly  d i f f i c u l t  i n  b a t c h  sys tems,  b u t  i n t e r p r e t a t i o n s  of 
t h e  r e s u l t s  f rom t h e s e  exper iments  i n  t e r m s  o f  f u n d a m e n t a l  p r o c e s s e s  
are tenuous. 

In  c o n t r a s t ,  f i x e d  bed f l o w  mode r e a c t o r s  a r e  c a p a b l e  of  r a p i d  
removal and quenching of convers ion  products  and, when a p p r o p r i a t e l y  
des igned ,  a l s o  p r o v i d e  t e m p e r a t u r e  and p r e s s u r e  programing f l e x i b i l -  
i t y .  A s  a means of  i s o l a t i n g  and i n v e s t i g a t i n g  t h e  fundamental  phe- 
nomena wh ich  c o m p r i s e  c o a l  c o n v e r s i o n ,  w e  h a v e  d e v e l o p e d  a u n i q u e ,  
r a p i d  h e a t i n g ,  f l o w  mode m i c r o r e a c t o r  s y s t e m  and  h a v e  u s e d  it t o  
i n v e s t i g a t e  t h e  d y n a m i c s  of  t h e  t h e r m a l  s o l u b i l i z a t i o n  o f  c o a l .  
Impor tan t  f e a t u r e s  of  our  a p p a r a t u s  inc lude :  
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'programable solvent residence times (1 to 30 seconds) 
'programable heating rates (up to 150°C/minUte) 
'temperature and pressure programability 
.rapid quenching of reactor effluent 
'continous, "on-line" optical density monitoring of same 
-data acquisition and manipulation capability 
-time resolved product collection (up to 2 samples/minute). 

The soundness of this approach to resolving fundamental processes 
which comprise coal liquefaction was examined in a series of experi- 
ments. In the first set of experiments, this apparatus was used in a 
temperature programing mode to generate benzene solubilization rate 
profiles for five coals of varying rank. Another set of experiments 
focused on our continuing investigation of supercritical water as a 
medium for coal solubilization (8). Here, conversion rate profiles 
and liquid chromatographic product analysis were used to compare water 
and benzene as solvents for the thermal solubilization of Illinois No. 
6 coal. 

EXPBRIMENTAL 

General 

Coals from the Ames Laboratory Coal Library were used for these 
studies: analytical data for the coals is given in Table 1. Prior to 
use, coals were ground, sized to 200 x 400 mesh, riffled to insure 
uniformity, and dried at llO°C overnight under vacuum. All solvents 
were HPLC grade or better; samples and solvents were stored under 
nitrogen. 

Solubilization Procedure 

Flow mode solubilization experiments using benzene and water were 
carried out in an improved version of our flow mode reactor (9). New 
features include continuous, "on-line" optical density monitoring of 
the reactor effluent: real time data acquisition of optical density, 
temperature, and pressure: and an improved time resolved product 
collection system. In a typical experiment, a preweighed amount (25- 
200 mg) of 200-400 mesh coal was placed in the tubular reactor and 
fixed in place by 2 stainless steel frits. After connecting the 
reactor and purging the apparatus with nitrogen, the entire system was 

Table 1 Analysis of Ames Laboratory Coals 

COAL C 

Dietz No.1 & 2 74.35 
Illinois No.6 80.60 
Kentucky No.9 82.48 
Pittsburg No.8 85.08 
Lower Kittanning 90.04 

ultimate analysis, %a Volatile 
H N SOrg O(diff) Mattera 

5.26 1-09 0.44 18.86 38.6 
5.63 1.56 2.35 9.81 40.4 
5.89 1.91 2.36 7.34 44.2 
6.53 1.54 2.72 4.09 44.8 
4.82 1.66 0.68 2.69 18.4 

a. Dmmf basis: wt % minera matter = 1.13(Wt % Ash) + 0 . 4 7 ( w t  % Spyr 
+ 0.5(wt % Cl). 
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f i l l e d  w i t h  s o l v e n t  and p r e s s u r i z e d  a t  room tempera tu re  b e f o r e  a d j u s t -  
i n g  t h e  s o l v e n t  f l o w  t o  1.0 ml/minute.  The r e a c t o r  was t h e n  i n s e r t e d  
i n t o  t h e  p rehea ted  f u r n a c e  a t  t h e  same t i m e  t h a t  t h e  reactor boos te r  
h e a t e r  w a s  t u r n e d  on. The t a r g e t e d  i n i t i a l  t e m p e r a t u r e  w a s  a l w a y s  
a t t a i n e d  and s t a b i l i z e d  w i t h i n  t h e  f i r s t  3 t o  5 minutes;  and tempera- 
t u r e  and p r e s s u r e  were c o n t r o l l e d  d u r i n g  t h e  conve r s ion  acco rd ing  t o  a 
predetermined program. Temperature  and p r e s s u r e  p r o f i l e s  i n  t h e  coal 
b e d ,  a s  w e l l  a s  t h e  o p t i c a l  d e n s i t y  p r o f i l e  o f  t h e  p r o d u c t  stream, 
were r e c o r d e d  t h r o u g h o u t  t h e  c o n v e r s i o n .  A t  t h e  e n d  o f  t h e  e x p e r i -  
ment ,  t h e  r e a c t o r  was  q u i c k l y  c o o l e d  t o  a m b i e n t  t e m p e r a t u r e  w h i l e  
p u r g i n g  w i t h  n i t r o g e n ;  a n d  t h e  r e s i d u e  was removed f r o m  t h e  r e a c t o r  
and  ( i n  some c a s e s )  we ighed .  S o l u b i l i z a t i o n  y i e l d s  i n  T a b l e  2 a re  
r e p o r t e d  on a dry ,  m i n e r a l  matter f r e e  bas i s .  

L iqu id  Chromatographic A n a l y s i s  of P r o d u c t s  

P r o d u c t s  o f  coa l  s o l u b i l i z a t i o n  were a n a l y z e d  by reverse p h a s e  
h igh -pe r fo r -mance  l i q u i d  c h r o m a t o g r a p h y  on a 4.1 m m  x 300 m m  - 
Bondapak ( p h e n y l / c o r a s i l )  column s u p p l i e d  by A l l t e c h  Associates, Inc. 
Samples were p repa red  f o r  a n a l y s i s  by f i r s t  s t r i p p i n g  t h e  s o l v e n t  from 
t h e  s o l u b i l i z a t i o n  product :  behzene w a s  removed under a s low s t r eam 
of n i t r o g e n  a t  room t e m p e r a t u r e  w h i l e  s amples  c o n t a i n i n g  water were 
hea ted  i n  a water b a t h  ( 6OoC) under  reduced p res su re .  

The d r y  s a m p l e s  were t h e n  d i s s o l v e d  i n  1 m l  of t e t r a h y d r o f u r a n  
and 1 0  1 w a s  i n j e c t e d  o n t o  t h e  column. E x c e l l e n t  (and r ep roduc ib le )  
s e p a r a t i o n  was ach ieved  a t  a f l o w  r a t e  o f  1 ml/minute  u s i n g  g r a d i e n t  
e l u t i o n  techniques.  The i n i t i a l  s o l v e n t  compos i t ion  w a s  38.1% meth- 
a n o l ,  21.6% w a t e r ,  23.9% a c e t o n i t r i l e ,  a n d  10.4% t e t r a h y d r o f u r a n .  
Chromatograms were reco rded  us ing  a v a r i a b l e  wavelength uv d e t e c t o r  
s e t  a t  254 nm. 

RESOLTS 6 DISCUSSION 

Conversion R a t e  P r o f i l e s  fo r  R e p r e s e n t a t i v e  Coa l s  

F o r  a n  I l l i n o i s  No.6 c o a l ,  w e  h a v e  p r e v i o u s l y  f o u n d  a l i n e a r  
c o r r e l a t i o n  between g r a v i m e t r i c a l l y  de t e rmined  c o n v e r s i o n s  and e f f l u -  
e n t  absorbance i n t e g r a t e d  w i t h  r e s p e c t  t o  t i m e  ( integrated absorbance, 
I n t A )  (10); a n d  t h i s  p r o v i d e s  a b a s i s  f o r  i n t e r p r e t i n g  t h e  i n t e g r a t e d  
absorbance cu rve  as  t h e  conve r s ion  r a t e  p r o f i l e .  W e  have a l s o  shown 
t h a t ,  a t  26OoC, b e n z e n e  s o l u b i l i z a t i o n  h a s  no d e t e c t a b l e  t h e r m a l  
chemica l  component wh i l e ,  above 35OoC, t h e  conve r s ion  i s  dominated by 
p y r o l y t i c  p r o c e s s e s  ( 9 ) .  

In  the  f i r s t  series o f  expe r imen t s  w i t h  "on-line" o p t i c a l  d e n s i t y  
mon i to r ing ,  f i v e  coals of va ry ing  r ank  were e x t r a c t e d  w i t h  benzene i n  
c o n s t a n t  p r e s s u r e ,  s t a g e d  t e m p e r a t u r e  experiments .  The p h y s i c a l  ex- 
t r a c t i o n  s t a g e ,  conducted f o r  20 minu tes  a t  26OoC, w a s  fo l lowed  by a 
p y r o l y s i s  s t a g e  a t  390°C f o r  t h e  f i n a l  25 m i n u t e s .  F i g u r e s  1 and  2 
show t h e  r e l a t i v e  a b s o r b a n c e  traces r e c o r d e d  a t  500 nm f o r  26+lmg 
samples  of t h e s e  coals. I n  v i ew o f  t h e  r e l a t i o n s h i p  between conver- 
s i o n  and absorbance,  t h e s e  cu rves  a c t u a l l y  r e p r e s e n t  conve r s ion  ra te  
p r o f i l e s  i n  which e x t r a c t i o n  and t h e r m a l  chemica l  s o l u b i l i z a t i o n  have 
been r e s o l v e d  th rough  t e m p e r a t u r e  programing. Furthermore,  t h e  peak 
a reas  o f f e r  a m e a s u r e  o f  t h e e x t e n t  o f  c o n v e r s i o n a t  e a c h  s t a g e o f t h e  
experiment .  
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Figure 1 illustrates the distinct dynamic behavior of three coals 
(Dietz No. 1&2, %C = 74 .4 ;  Illinois No. 6 ,  %C = 80.6; L. Kittanning, 
%C = 90.0) of different rank under identical conversion conditions. 
As expected, widely different amounts of material were extracted from 
these coals at 26OoC; but the time required for complete physical 
extraction was approximately the same. We interpret this to mean that 
extraction sites within the coal particles were accessed at approxi- 
mately the same rate for all three coal's. From this perspective, 
extraction rate data generated with this apparatus can be used to 
estimate reaction site accessibility under various conditions. 

The pyrolysis portions of the curves (t > 20 minutes) are even 
more characteristic. Again, the extents of conversion differ widely 
but are roughly the same as those determined using batch methods. 
However, in contrast to the 260°C results, the rates of solubiliza- 
tion, especially for Lower Kittanning coal, also vary widely. The 
thermal chemical solubilization of this higher rank coal is practi- 
cally complete within 1 to 2 minutes while most of the Illinois No.6 
coal is converted a 5 to 10 minute period. From these conversion rate 
profiles, it is apparent that there is a small but critical "time 
window" for effectively redirecting chemical pathways under these 
pyrolysis conditions. The former profile also demonstrates that the 
reactor system can resolve events with a time constant of less than a 
minute. The lower limit of this resolution has not yet been experi- 
mentally established. 

Figure 2 shows similar temperature programed solubilization rate 
profiles for three more nearly equivalent coals: Illinois No. 6, 
%C = 80.6; W. Kentucky No. 9, %C = 82.5; Pittsburgh No. 8, %C = 85.1. 
As expected, the two lower rank coals exhibit nearly equivalent behav- 
ior in both the extraction and pyrolysis stages. At this point, it is 
not clear whether the small difference in the second stage patterns is 
significant. The most striking comparison is between the dynamic 
behavior of Pittsburgh No.8 and that of the two lower rank coals. 
While a substantially higher conversion was expected for the 85% 
carbon coal, it is quite interesting that the entire difference re- 
ported to the extraction stage. We are continuing to investigate this 
phenomenon. 

Aqueous vs. Benzene Solubilization of Illinois No. 6 Coal 

Total weight loss determinations, "on-line" optical density mon- 
itoring, and staged pressure programing were used to compare benzene 
and water as solvents for the thermal solubilization of Illinois No.6 
coal; the results are summarized in Table 2. On the basis of both 
weight loss and, more clearly, integrated absorbance, conversion in 
benzene at 36OoC is greater for single stage solubilization (Exp. 
No.1) than for staged pressure conversion (Exp.No.2). These re- 
sults are consistent with the general observation that, in the super- 
critical phase, the solubility of a substance increases with fluid 
density. During the low pressure (low density) stage, extraction of 
liquefaction products is inefficient; and, consequently, a portion of 
the unextracted products undergoes secondary "fixing" (retrogressive) 
reactions to form a more refractory material. This "fixed" material 
is no longer recoverable and cannot be extracted when the fluid phase 
density is increased to that of the one stage experiment (3180 psi). 

In contrast, such retrogressive behavior is not observed when 
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P a b l e  2. Thermal S o l u b i l i z a t i o n  of I l l i n o i s  No. 6 Coal 

EXP --- F i r s t  stage ---- --- Second stage ---- T o t a l  Weight 
No Solvent  Temp P r e s s  Time I n t  Temp P r e s s  Time I n t  I n t  Lossb 

(OC) (psi) (min) *sa (OC) (psi) b i n )  *sa -sa ( 8 )  

8 C6H6 360 3180 60 709 - - - -  709 35.6 

17 H20 370 2950 60 - - - - -  - 
68 H20 370 1925 60 - 370 2950 60 - - 35.9 

6 C6H6 360 1280 20 153 360 3180 40 314 467 33.2 

36.1 

- 644 38.5 
4 C6H6 390 1500 20 210 390 3180 40 175 385 35.0 

c6H6 390 3180 60 644 - - -  

- 135 3 H20 390 3700 60 135 - - -  - 
7 H20 390 1950 20 19 390 3700 40 114 133 45.0 

a. I n t e g r a t e d  Absorbance :  a r e a  u n d e r  t h e  500 nm a b s o r b a n c e  t r a c e ;  

b. Dmmf b a s i s .  
normalized t o  25.0 mg of s t a r t i n g  coa l .  

water i s  u s e d  as  t h e  s o l v e n t  f o r  t h e r m a l  s o l u b i l i z a t i o n  o f  I l l i n o i s  
No. 6 c o a l .  A t  370°C, t h e  t o t a l  c o n v e r s i o n  o f  I l l i n o i s  No. 6 c o a l  i n  
a two s t a g e  exper iment  (Exp. NO. 68) is  comparable t o  t h e  conversion 
obta ined  i n  a s i n g l e  s t a g e  exper iment  (Exp. No. 17). E i t h e r  water  is  
a c t i n g  t o  i n h i b i t  r e t r o g r e s s i v e  r e a c t i o n s  or t h e  p r o d u c t s  of  t h e s e  
" f i x i n g "  r e a c t i o n s  are r e a c t i v e  i n  ( w i t h ? )  water b u t  n o t  i n  benzene. 

The l as t  f o u r  exper iments ,  conducted a t  39OoC, were des igned  t o  
f u r t h e r  e x p l o r e  s o l v e n t  induced d i f f e r e n c e s  i n  s o l u b i l i z a t i o n  behav- 
i o r .  We reasoned t h a t ,  a t  h i g h e r  t e m p e r a t u r e s ,  r e t r o g r e s s i v e  pathways 
should be more i m p o r t a n t  and, t h u s ,  d i f f e r e n c e s  a t t r i b u t a b l e  t o  these  
phenomena might  be more c l e a r l y  d i s c e r n a b l e .  The r e l a t i v e  absorbance 
t r a c e s  f o r  benzene and w a t e r  s o l u b i l i z a t i o n  of  I l l i n o i s  No.6 c o a l  a r e  
presented  i n  F i g u r e s  3 and 4, r e s p e c t i v e l y ;  and i n t e g r a t e d  absorbance 
v a l u e s  f o r  t h e  v a r i o u s  s t a g e s  o f  t h e s e  e x p e r i m e n t s  are i n c l u d e d  i n  
Table  2. D i s t i n c t  d i f f e r e n c e s  i n  t h e  dynamic s o l u b i l i z a t i o n  behavior  
i n  benzene  ( F i g u r e  3) and water ( F i g u r e  4) s u g g e s t s  t h a t  t h e  c o n v e r -  
s i o n  i s  p r o c e e d i n g  v i a  d i f f e r e n t  c h e m i c a l  p a t h w a y s  i n  t h e  two sol- 
v e n t s .  A c o m p a r i s o n  of  t h e  s i n g l e  s t a g e  a n d  t w o  s t a g e  i n t e g r a t e d  
a b s o r b a n c e  v a l u e s  f o r  b e n z e n e  (Exp. Nos. 2 & 4) and water  (Exp. Nos. 3 
L 7) f u r t h e r  s u p p o r t s  t h i s  not ion.  

This  h y p o t h e s i s ,  t h a t  t h e  t h e r m a l  s o l u b i l i z a t i o n  of I l l i n o i s  No. 
6 c o a l  p r o c e e d s  d i f f e r e n t l y  i n  b e n z e n e  t h a n  i t  d o e s  i n  w a t e r ,  w a s  
t e s t e d  by a n a l y z i n g  t h e  s o l u b i l i z a t i o n  p r o d u c t s  w i t h  h igh  performance 
l i q u i d  chromatography. Using a r e v e r s e  phase method, t h e  f i r s t  and 
second s t a g e  p r o d u c t s  from t h e  p r e s s u r e  programed benzene s o l u b i l i z a -  
t i o n  (Exp. No. 4) w e r e  compared t o  t h e i r  water d e r i v e d  c o u n t e r p a r t s  
(Exp. NO. 7). The r e s u l t i n g  c h r o m a t o g r a m s  f o r  t h e  low p r e s s u r e  
p r o d u c t s  are  o v e r l a i d  i n  F i g u r e  5 and t h e  h i g h  p r e s s u r e  o v e r l a y  i s  
shown i n  F i g u r e  6. U n q u e s t i o n a b l y ,  t h e  p r o d u c t s  p r o d u c e d  i n  b o t h  
s t a g e s  of t h e  benzene convers ion  are d i f f e r e n t  from t h o s e  obta ined  i n  
t h e  c o r r e s p o n d i n g  s t a g e s  o f  a q u e o u s  s o l u b i l i z a t i o n .  The n a t u r e  of 
t h e s e  d i f f e r e n c e s  w i l l  be  t h e  f o c u s  of f u r t h e r  i n v e s t i g a t i o n .  
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These experiments illustrate rather clearly the usefulness of the 
flow mode approach as a means of isolating particular conversion 
phenomena and investigating dynamic behavior during coal liquefaction. 
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Figure 1. Staged Temperature Benzene Solubilization of Different Rank 
Coals. First Stage: 26OoC/3180 psi; Second Stage: 390°C/ 
3180 psi. 
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Figure 2. Staged Temperature Benzene Solubilization uf Similar Rank 
Coals. First Stage: 26OoC/3180 psi; Second Stage: 39OoC/ 
3180 psi. 
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Coal at 39OoC. Single Stage:3180 psi;Two Stage:1500/3180 psi. 
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Figure 4. Effect of Pressure on Aqueous Solubilization of Illinois No6 
coal at 390OC. Single Stage:3700 psi;l'Wo Stage:1950/3700 psi. 
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Hydrogen Transfer Between 9.10-Positions in Anthracene 
and Phenanthrene 

R. L. Billmers, L. L. Griffith, S. E. Stein 

Chemical Kinetics Division 
National Bureau of Standards 

Gaithersburg, MD 20899 

Introduction 

The transfer of hydrogen between polyaromatic structures is an 
essential part of any realistic model of coal conversion chemistry. Not 
only do these processes affect the distribution of available hydrogen, but 
they are also intimately involved in certain C-C and C-0 bond-breaking and 
bond-forming processes and may even control free-radical concentrations 
Ctl. 

Chemical mechanisms responsible for these processes are not known. 
Currently, not only is there debate over the relative significance of 
individual reaction steps, but there are questions concerning the funda- 
mental nature of these reactions, specifically, do they proceed by con- 
certed, by free radical, or even by ionic steps. 

Largely because of their intermediacy in reactions of tetralin, 
H-transfer reactions involving 1,2- and 1,4-dihydronaphthalene have been 
widely studied C2-51. However, competitive addition and isomerization 
paths are open t o  these species, resulting in rather complex reaction 
mechanisms. 

As a possibly simpler model system, we have chosen to study the 
transfer of hydrogen to the 9,lO-positions of anthracene from 9,lO- 
dihydrophenanthrene and from other 9,lO-dihydroanthracene molecules. The 
particular stability of 9,10-dihydro structures as well as the absence of 
alternative pathways results in simpler mechanisms. Moreover, these 
three-ring structures themselves are of direct interest in coal chemistry. 
Experiments were done in sealed, evacuated pyrex tubes using conventional 
techniques C 61. 

9,10-Dihydroanthracene/2-Ethy1anthracene Studies 

The kinetics of H-transfer from one anthracene structure to another 
was examined using the 2-ethyl group as a label, 
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Rates followed the simple second-order expression (Figure 1). 
d[EAnH,] 109.64*0-12 exp{-36,800*400 cal/RTl [AnH2][EAn] 

over the range 0.1 < [AnH2]/[EAn]? 10, and from undiluted AnH /EAn 
mixtures to mixtures diluted up to a factor of 100 in biphenyl. Rates 
were unaffected by heavy doses of radical initiators (1 ,11,2,21-tetra- 
phenylethane and 9,g1 -bifluorene). 

dt 

Addition of Sufficiently large amounts of An to AnH2/EAn mixtures 
caused a lowering of the rate Of EhH2 formation (Figure 2). 
9.10-dimethylanthracene ( + Using 

, DMnn) in place of EAn led to a nearly 
and trans- 9,10-dimethyl-9,10-dlhydroanthracene 

cw.3 
These observations are consistent with the following non-chain, free 

radical mechanism for reaction 1, 

( A ~ H )  (EA% ) 

AnH2 + EAn 

limiting 

EAiH + Ah + EAnH2 + An 

2 E A h  + EAnH2 + EAn 

2 A H  + An + AnH2 5) 

3)  

4) 

Ah + EAn + An + EA& 6) 

where step 6 is effective only when [AnH2]/[EAn]7 0.1 
Under most conditions, the observed rate is one-half the rate of reaction 
2. 

We rule out the importance of concerted reactions for the following 
reasons. 
isomer, but the product was 40-505 trans; (2) H-transfer to DMAn by 
HMXI(CO)~ ["I. which could not have occurred by conventional concerted 
processes, also led to nearly equimolar quantities of the cis- and 
trans-isomers; (3) equilibrium studies [a] have shown the cis-isomer to be 
slightly more stable from the trans-isomer; ( 4 )  separate studies showed 
that the cis-isomer did not isomerize to the trans-isomer under our 
conditions; (5) the slowing of the rate for EAnH2 formation with added An 
cannot be explained by a concerted process. 

In further support of our mechanism, the measured activation energy, 
along with the literature heat of the reaction AnH2 + An + H2 [91, yields 
a bond strength of 78.4i1.4 kcal mol-' for the AnH-H bond, in good 
agreement with a recently published value [lo]. 

constant for k6 of 1 1 0  ~-1s-1 at 250OC. 
M-ls', this reaction has an activation energy of 18.4 kcal mol-l, in 

(1) Concerted H2-transfer to DMAn would have formed only the cis 

From the decline in rate with added An, we derive an approximate rate 
Assuming an A-Factor of 108.5 



agreement with the general conclusion of McMillen and co-workers [111 that 
such reactions (B-H-atom transfer) occur at rates comparable to those of 
conventional H-atom metathesis (A. + BH + AH + B-). 

The key result of our experiments is that molecular disproportiona- 
tion, a step often proposed as a radical initiation step, is the critical 
step in H-transfer between 9,10-anthracene positions. Our results also 
provide indirect evidence f o r  the occurrence of a 8-H-transfer step, a 
potentially very significant step in hydrogen transfer mechanisms, but one 
which has only rarely been supported by kinetic evidence. More direct 
information on this reaction type was obtained in the following studies. 

9.1O-Dihydrophenanthrene/Anthracene Studies 

Reaction 7 was studied at 350°C and was found to exhibit highly 
complex kinetic behavior. & + A n  + 7) 

The primary source of this complexity was the involvement of the product 
AnH2 in the reaction (Figure 3). AnH2 sharply catalyzed the reaction at 
low concentrations and moderately inhibited it at high concentrations. 

A detailed computer model of this reaction was developed based on 
available and estimated rate and thermodynamic data. This model, given 
below, fits our results quite well (Figures 3-5). 

kforward kreverse 
PhH2 + An (& + A B  3.2~1 0-6 3.0~10~ 8) 

( PAH ) 

AnH2 + An 2 AAH 7.8~10-~ 1 .7x108 9) 

AAH + PhH2 AnH2 + PAH 1 .6x102 3.4~10~ 10) 

11) Pt;H + An + Ph + AAH 2.9~10~ --- 

This model contains two initiation steps (reactions 8 and 9). 
predominant one depends on relative concentrations of PhH2 and AnH2 (they 
are equally effective at CAnH21 - 0.004 [PhH21). 
described by reactions 10 and 1 1  was essential for modeling results. A 
sensitivity analysis of this model is in progress, and these rate constant 
values are therefore preliminary. 

The 

The free radical chain 

The question of whether H-transfer from PhH to An, step 11, proceeded 
through a direci, single step (B-H-transfer) or through a free H-atom 
intermediate (PhH + Ph + H; H + An + AAH), was answered in favor of the 
direct process on the basis of results of biphenyl dilution studies of 
PhH2/An/AnH2 mixtures (Figure 5). 



A number of i n t e r e s t i n g  fea tures  emerge from t h i s  mechanism. 
( 1 )  The c a t a l y t i c  e f f e c t  of AnH2 is  a result of its f a c i l i t y  f o r  forming 
rad ica ls  through molecular disproport ionat ion ( reac t ion  9 ) .  This s t e p  is 
v i r t u a l l y  t h e  same a s  the r a t e  l imi t ing  s t e p  in  the AnH2/EAn mechanism 
(react ion 2) .  ( 2 )  In  the  absence of s u f f i c i e n t  AnH2, PhH2 donation t o  An 
s e r v e d  a s  the major r a d i c a l  i n i t i a t i o n  s tep .  Since the  PhH-H bond is con- 
s iderably greater  
slower than the AnH2/~n i n i t i a t i o n  s tep.  ( 3 )  I n  t h i s  reac t ion ,  the 
5-H-transfer s t e p  ( reac t ion  1 1 )  is considerably more r a p i d  tnan the  
corresponding s t e p  i n  the EAn/AnH2 mechanism ( reac t ion  6 ) .  
A-factor of l o a a 5  M-ls-l, the  a c t i v a t i o n  energy for  reac t ion  11  is 14.4 
kcal mol-l, 4 kcal mol-l lower than for reac t ion  6. This d i f fe rence  is 
probably due to  the  exothermicity of reac t ion  11 (14i4 kcal mol-’ [ l  ,123) 
compared t o  the thermoneutral nature  of reac t ion  6. ( 4 )  The primary 
“reasonrr f o r  the complex, chain reac t ion  in  t h e  PhH2/An mechanism appears 
t o  be t o  t h e  high PhH-H bond s t rength  compared t o  the AnH-H bond. This 
e f fec t ive ly  s h i f t s  the former reac t ion  t o  higher temperatures where chain 
reac t ions  can occur. The above-mentioned f a c i l i t y  of reac t ion  11 
compared t o  react ion 6 a130 enhances chain reac t ion  r a t e s .  

than t h e  AnH-H bond [ l ] ,  t h i s  i n i t i a t i o n  s t e p  is f a r  

Using an 

Conclusions 

These s t u d i e s  ind ica te  t h a t  H-transfer reac t ions  among polyaromatic 
species proceed by f r e e  r a d i c a l  processes. Molecular disproport ionat ion 
is the primary source of f r e e  r a d i c a l s ,  and 6-H-transfer is a c r i t i c a l  
propagation s tep  i n  chain reac t ions .  Rates derived in  these s t u d i e s  f o r  
both of these elementary processes provide a bas i s  f o r  es t imat ing r a t e s  
f o r  re la ted  react ions.  Mechanisms i n  t h e  EAn/AnH2 and An/PhH2 reac t ions  
contain s imi la r  react ion s t e p s ,  but follow e n t i r e l y  d i f f e r e n t  k ine t ic  
laws. 

In coal-related systems, An/AnH2 s t r u c t u r e s  can provide an e f f i c i e n t ,  
steady supply of f r e e  r a d i c a l s .  The low bond s t rength  of AnH-H is respon- 
s i b l e  for  Its s p e c i a l  e f fec t iveness  a s  an H-donor i n  both radical-formiig 
and radical- t ranszer  s t e p s  [131. 
bond all0WS the AnH r a d i c a l  t o  serve a s  an e f f e c t i v e  r a d i c a l  s ink.  

The r e l a t i v e l y  high s t rength  of t h e  An-H 

In a sense t h e  Ph/PhH2 system is opposi te  t h a t  of the An/AnH2 system. 
The f i r s t  bond (PhH-H) is s i g n i f i c a n t l y  s t ronger  and the second bond 
(Ph-H) weaker than corresponding bonds i n  AnH2. 
nearly a s  e f f e c t i v e  a s  a f r e e  r a d i c a l  t r a p  
the  other hand, PhH2 can e f f e c t i v e l y  Qydrogenate molecules by 6-H-atom 
t ransfer  t o  them through t h e  l a b i l e  PhH r a d i c a l .  

Therefore, PhH2 is not 
i n i t i a t o r  a s  is AnH2. On 

From a thermodynamic s tandpoin t ,  PhH2 is a more powerful hydrogena- 
t i o n  agent than AnH2, and can i r r e v e r s i b l y  hydrogenate a wider range of 
s t r u c t u r e s  C141. However, AnH2 is le33 prone t o  i r r e v e r s i b l e  1OSS than 
PhH2 and is therefore  more l i k e l y  to  play a continuing r o l e  i n  hydrogen 
t r a n s f e r  mechanisms a f t e r  PhH2 s t r u c t u r e s  have been destroyed. 
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FIGURE 5. Effec t  of Dilution by Biphenyl on the Rete of 

PhH2 + An-Ph+AnH2. 

k 2 > f n H A  
broken l i n e  is for model containing the  sequence 

PhH*Ph + H .  H + An +HAn i n  place of the d i r e c t  

reec t ion  (PhH + An-Ph + AnH) 

T - 350'C. 30 min. 

.. Computer model Is the s o l i d  l i n e .  

i I e 

O/o Biphenyl 
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THE RELATION BETWEEN TAR AND EXTRACTABLES FORMATION AND CROSSLINKING DURING COAL 
PYROLYSIS 
E. M. Suuberq, Division of Engineering, Brown University, Providence, RI 
02912 
P a * ,  Department of Chemical Engineering, Carnegie-Mellon University, 
Pittsburgh, PA 15213. w, Department of Chemistry, Lehigh University, Bethlehem, PA 18015 
ABSTRACT 

This paper presents a combined study of tar and extractables formation and 
crosslinking processes during rapid pyrolysis of coal. Tar and extractables 
were characterzied by gel permeation chromatography, and crosslinking by a 
solvent swelling technique. The behaviors of coals ranging in rank from low 
volatile bituminous to a lignite were examined. 
coal crosslinks at a much lower temperature than the high volatile bituminous 
coals, and that the low volatile bituminous coal is already highly crosslinked 
to begin with. 
and nature of tars and extractables produced by pyrolysis of these different 
ranks of coal. 

INTRODUCTION 

It has recently been shown that the technique of solvent swellinq, as has been 
applied to the analysis of the macromolecular structure of coals , can also be 
applied to the analysis of chars produced by pyrolysis2. 
utilized in this paper to he13 shed further light on the complex processes of 
lodepolymerization" and charification that occur during pyrolysis of coals. 
particular, the differences manifested by coals of different ranks are 
considered. 

EXPERIMENTAL 

*Present Address: Shell Development Co., Houston, Tx. 

It was noted that the low rank 

These observations may help explain the widely differing yields 

This technique is 

In 

The analyses of the four coals examined in this study are provided in Table 1. 
All samples used in this study had particles in the size range 53-88 pm. 
Pyrolysis was performed in an electrically heated wire mesh, which assures 
uniform and rapid heating of all particles. 
with a heating rate of roughly 1000 K/s, up to the indicated-peak temperature, 
followed by cooling a a rate between 200 and 400 K/s. 
performed either in vacuum or in atmospheric pressure helium. 

All experiments were performed 

All pyrolyses were 

Table 1 
-CJ* U1 t 'mate 

Mois- 
L J - O X S W  ture 

Bruceton Pitts, No. 8 bituminous 80.4 5.3 6.7 1.6 1.0 4.6 1.7 
Hillsboro Ill. No. 6 bituminous 67.2 4.6 12.3 1.2 3.4 11.7 8.6 

Beulah, No. Dakota Lignite 66.7 3.7 19.5 0.9 0.8 9.3 32.4 
W. Va. Pocahontas low volatile bit. 84.4 4.2 3.7 0.3 0.5 6.8 0 . 2  

* ~ l l  results on a dry basis except moisture, which is reported on an as-received 
basis. All analyses by Huffman Laboratories, Inc. 

As used in this paper, the term lltarsll refers to room temperature condensible 
products which have been expelled from the particles during pyrolysis. 
materials generally have a molecular weight greater than 100, and are more than 
97% soluble in tetrahydrofuron (THF). 
in the char, which are THF soluble. 

These 

Extractables are materials left behind 
The extraction procedure is very mild, 
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involving a 1-hour ultrasonicated soak in THF (during which time the THF reached 
reflux temperatures). 
metaplast-the softened, transportable fraction of the coal. 
to bear in mind that the estimate of metaplast obtained by summing tar plus 
extractables is a minimum value for that present in the coal during actual 
pyrolysis, since some recombination reactions may occur between extractables and 
unextractable char during cooling. 

The analysis of the molecular weight distributions of the tars and extractables 
is performed by gel permeation chromatolgraphy (GPC), as has been described 
elsewhere3. 
performed by vapor phase osmometric measurement of the molecular weights of 
actual fractionated samples of Bruceton coal tars. 

The solvent swelling technique has also been described elsewhere1r2. It involves 
measurement of the height of columns of coals and chars immersed in pyridine, in 
order to determine volumetric swelling ratios in the presence of the solvent. 
With a knowledge of the nature of solvent-coal interaction, this information can 
be used to estimate molecular weight between crosslinks in the coals and chars. 

The sum of tar plus extractables is referred to as 
It is important 

It should be noted that calibration of the GPC columns was 

RESULTS AND DISCUSSION 

In an earlier communication, it was shown that the Bruceton bituminous coal 
apparently crosslinks at a somewhat higher temperature than does the North 
Dakota lignite2. 
prevents softening of low rank coals during pyrolysis. 
consistent with the low tar formation tendency of low rank coals, in the sense 
that tar precursors are quickly crosslinked into the char of low rank coals, 
prior to their escape. 

The solvent swelling tendency of the coal chars has been used as a qualitative 
index of the extent of crosslinking: the higher the swelling ratio, the lower 
the degree of crosslinking. In this manner, comparative solvent swelling data 
are shown for all four ranks of coal, in Figure 1. 

The low volatile bituminous coal swells to an extent of less than 5 %  in 
both the unpyrolyzed state and as a char. 
much about changes in the network structure of this coal during pyrolysis, based 
on solvent swelling information. 

The Illinois #6 high volatile bituminous coal has swelling behavior very similar 
to that observed for the Bruceton high volatile bituminous coals. Both these 
coals soften markedly and both yield copious amounts of tar during pyrolysis. As 
noted previously2, both these coals show little further tar formation at 
temperatures above about 900 K, a temperature at which new crosslink formation 
is quite measurable by this technique. It may be noted that the tars of these 
coals also show remarkably similar molecular weight distributions1. 

In contrast, little tar formation is seen at temperatures much in excess of 700 
K in the case of the North Dakota lignite2. 
bituminous and lignite data it might be tempting to ascribe signficance to a 
swelling ratio of about 2 as the lowest value at which tar formation is 
Possible. 
coal yields significantly more tar than the lignite, despite its highly 
crosslinked nature. 

This is consistent with the viewpoint that early crosslinking 
This observation is also 

Consequently, it is difficult to say 

On the basis of the high volatile 

This of course is inappropriate, since the low volatile Pocahontas 

Table 2 shows the yields of tar form the Pocahontas sample. 
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Table 2 
Pocahontas Tar Yields 

Temuerature I Kl yield twt .  %. as receivedl MWN 7 37 3.0 m 
1083 9.1 199 

The number average molecular wieght of the Pocahontas tar is seen to 
significantly decline with increasing temperature. 
distributions are seen in Figure 2. 
Figure 2 (and later in Figure 3) are partially integrated molecular weight 
distributions. 
molecular weight i100 mass units of the abcissa value. 

The sharp peak of the Pocahontas tar molecular weight distribution in the range 
300-500 is quite different than that of the tars of lower rank bituminous coals: 
as shown previously, these coals have a peak in the range from 600 to 7003. The 
implication appears to be that the Pocahontas coal is as highly crosslinked to 
start, that it is unlikely that enough bonds can break so as to yield large tar 
fragments. 
released by bond breakage processes, and the higher the crosslink density, the 
lower the probability that enough bonds can be broken during pyrolysis in order 
to release the fragment. 

Figure 3 shows the variation of molecular weight distribution with temperature 
for the North Dakota lignite. The number average molecular weight at 737 K is 
323, whereas at 1133 K it is 279. The decrease in number average molecular 
weight of the tar species with increasing temperature in the case of the lignite 
(and the low volatile bituminous coal) is contrary to what might be expected 
based on vapor pressure arguments (higher temperatures should promote 
vaporization of even fragments of the coal). This trend towards lower 
number average molecular weight of fragments with increasing severity of thermal 
treatment is, however, consistent with the data that imply a higher degree of 
crosslinking with a more severe thermal treatment. 
polycondensation process, the molecular weight of extractables decreases with 
extent of polycondensation4. 
high volatile bituminous coals, which show little variation of either number 
average molecular weight or molecular weight distributions with increasing 
temperature3. Presumably this reflects the fact that little crosslinking occurs 
during the active tar formation period2. 

The molecular weight distributions of the extracts of the Bruceton high volatile 
bituminous coal have been shown previously3. These data are summarized in Table 
3, along with data on the metaplast (sum of tar plus extractables) molecular 
weight distribution for this same coal. 

The actual molecular weight 
The molecular weight distributions shown in 

The ordinate represents the weight percent of tar at any 

Or, viewed another way, the larger the fragment of coal to be 

It has been shown that in a 

This behavior is not observed in the case of the 

Table 3 
Molecular Weiaht Distributions of Extractables and Metaulast 

f-* 

Nolecular Weiaht Ranae Fxtractables Metaulast 
100-1100 178 wt. 46% wt. 
1100-2100 
2100-3100 
3100-4100 

>4100 
NO. AVG. MOL. WT. 

31% 31% 
24% 13% 
13% 5 %  
15% 5% 

1002 533 

*All results for vacuum pyrolysis to a peak temperature of roughly 740K. 
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The difference between the extractables and metaplast arises form the fact that 
the latter contains a substantial contribution of species which were 
sufficiently light so as to have evaporated and been measured as tar, outside 
the particle. 

A comparison of the number average molecular weight of the extractable pyrolysis 
fragments and the number average molecular weight between crosslinks is useful 
in characterizing the manner in which the crosslinked structure breaks down. 
In order to calculate the moleculear weight between crosslinks from solvent 
swelling data, the Flory-Rehner equation is often employed’, but is subject to 
criticism when applied to highly crosslinked, rigid networks6! 7. Nevertheless, 
the Flory-Rehner equation is often used as an approximation because of the lack 
of information concerning the repeat unit size, needed for more sophisticated 
models8# 9 .  The Flory-Rehner equation may be expressed as: 

where pc is the density of the original coal,-ps is the density of the solvent, 
M, is the molecular weight of the solvent, X is the solvent-network interaction 
parameter, and e is the inverse of the swelling ratio. The evaluation of X is 
also difficult, particularly since pyridine is a specifically interacting 
solvent. Table 4 shows a range of X values and their effect on FIc for the 
Bruceton coal (or char up to about 800 K). 

Table 4 
Tvuical Values of A, for Bruceton Coal - 

X - AC- 
0.3 l l U 5  
0 . 4  
0.5 
0.6  

1 4 6 4  
2172 
4204 

The range of % obtained by this method compares well with estimates based on a 
rigid chain model applied to comparable ranks of coalg, in the range x = 0.3 to 
0.5. It is seen that the extractable and transportable fragments of the coal 
have a number average molecular weight which is comparable to or smaller than 
the number average molecular weight between crosslinks, for any reasonable value 
of x. 
CONCLUSIONS 

1. A lignite is seen to crosslink at much lower pyrolysis temperatures than high 
volatile bituminous coals. 
highly crosslinked to use solvent swelling to track pyrolysis behavior. 

2 .  The downward shift in molecular weight distributions of pyrolysis tars with 
increasing temperature from a lignite and a low volatile bituminous coal is 
consistent with occurrence of polycondenstation during pyrolysis. 

3. Pyrolysis fragments appear to be, on average, comparable in size to or 
smaller than the number average molecular weight between crosslinks in a 
Bruceton bituminous coal. 

A low volatile bituminous coal is already too 
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HYDROGENOLYSIS IN COAL LIQUEFACTION AND PYROLYSIS: THF, RELATIVE 
IMPORTANCE OF SOLVENT RADICALS AND FREE HYDROGEN ATOMS 

Donald. F. McMillen, Ripudaman Malhotra. 
Sou-Jen Chang, and S. Esther Nigenda 

Department of Chemical Kinetics, Chemical Physics Laboratory 
SRI International. Menlo Park, CA 94025 

INTRODUCTION 

The conventional view of coal structural fragmentation during liquefaction 
and pyrolysis has for many years been that those bonds in the coal structure that 
are weak enough, simply undergo scission in a purely thermal mannner. 
view, the relative effectiveness of the various process conditions is necessarily 
determined by the extent to which these conditions prevent the thermally generated 
radicals from recombining or undergoing other "retrograde" reactions. Despite 
recent suggestions by several different groups that the traditional thermal-bond- 
sciasion-radical-capping mechanism is inadequate to explain the phenomenology of 
donor-solvent coal liquefaction (L-L), this model continues to retain its position 
as the most widely invoked explanatfon of coal-structure degradation during lique- 
faction. Furthermore, in those cases where it is recognized that cleavage of coal 
linkages includes processes that are not spontaneous thermal cleavages, but are 
actually engendered by the solvent system, this promoted cleavage is usually 
attributed solely to cracking by free hydrogen atoms (7,8). In this paper we wish 
to further support our contention (L,L) that a signifiTayt part of the structural 
fragmentation occurring during coal liquefaction is not "spontaneous", but results 
from a previously undocumented fundamental reaction, "radical-hydrogen-transfer" 
(RHT), to aromatic positions bearing aliphatic (or ether) linkages in the coal 
structures (reaction 1). 

In this 

r 

It is no longer at issue whether alternatives to thermal scission of inher 
ently weak bonds exist under donor solvent coal liquefaction conditions: 
observed cleavage (L,z,1) of very strong alkyl-aryl bonds in hydroaromatic media, 
at 400°C. in the absence of B2 pressure, on coal liquefaction time scales, 
(reaction 2) has demonstrated that what are formally defined as hydrogenolyses do 
take place under conditions where free hydrogen atoms have been thought to be 
unimportant. The fundamentally intriguing and possibly technologically important 
question that remains is whether or not this cleavage simply involves the ipso 
addition of free hydrogen atoms, and if does not, then by what mechanism does it 
take place. 

In order to help answer the above question, we wish to present results that 
(1) demonstrate the relative importance of free hydrogen atom and solvent 
"hydrogen-carrier radicals" for bond scission in the donor solvent system most 

The 
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Bond cleavage half-life at 4 O O O C  Z 20h 

likely (of those systems generally studied) to generate "free" hydrogen atoms, and 
(2 )  suggest the relative importance of the two transfer modes for solvent systems 
that are much less likely to generate free hydrogen atom (and not coincldentally 
are better coal liquefaction solvents). 

EXPERIMENTAL PROCEDURE 

Dihydroanthracene. 9,10-dihydrophenanthrene, tetralin, pyrene and 1- and 
2-methylnaphthalene were obtained from Aldrich, and 1,2'-dinaphthylmethane was 
obtained from Carnegie-Mellon University. 
purification. 

All were used without further 
4,5-Dihydropyrene was prepared by the procedure of  Friedman et al. 

(8, * 
Model compounds reactions were conducted in sealed, 4-m-od, fused silica 

ampoules that were loaded, together with some solvent (to equalize pressure). into 
a 318-in. od. Swagelok-capped stainless steel jacket. This assembly was heated in 
a molten salt bath temperature controlled to f 0.5OC for the prescribed reaction 
time, and then quenched in a water bath. 
and when necessary, by GClMS. 

Product mixtures were analyzed by a, 

RESULTS 

The Use of 1,2-Dihydronaphthalene Disproportionation Stoichiometry to Determine 
the Mode of Hydrogen Transfer 

1,2-Dihydronaphthalene and its rapid disproportionation at 400°C to naphthal- 
ene and tetralin provides a unique opportunity to study the mechanism by which 
hydrogen atoms are transferred among the various hydronaphthalene atructures. 
Since hydrogen transfer by either radical hydrogen transfer or free hydrogen atoms 
can result in the same products, distinction between the two modes in many other 
systems must be by inferences drawn from kinetic measurements through numerical 
modeling. However, in the case of dihydronaphthalene, determination of the 
naphthaleneltetralin product ratio as a function of dilution with an inert solvent 
provides an internal measure of the fraction of hydrogen transfers that occurs by 
radical hydrogen transfer and the fraction that occurs by addition of free 
hydrogen atoms. The disproportionation of 1.2-dihydronaphthalene is known to 
occur by a radical chain process initiated by a molecule induced homolysis (or 
reverse radical-disproportionation (5,9,10)), with the only uncertain reaction 
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being the hydrogen t r a n s f e r  s t e p  tha t  is the subject  of t h i s  paper. 
competition between t r a n s f e r  v i a  free hydrogen atoms and d i r e c t  bimolecular 
t r a n s f e r  from a r a d i c a l  carrier can be seen by inspect ion of the a l t e r n a t i v e  

The r e s u l t  of 

reaction sequences' DISPROPORTIONATION OF 1,2-DIHYDRONAPHTHALENE 

INITIATION/TERMINATION 

PROPAGATION VIA RADICAL-HYDROGEN-TRANSFER 

- Net  2 Dm - N + T ProduceB N = T  

PROPAGATION VIA FREE €I' 

s, 6 )  

7a) 

(Produces N = T) 

7b) 
l b  

8. + + H g +  
(Produces N only) 

To the extent  tha t  disproport ionat ion proceeds by way of the  propagation s t e p s  4 
and 5 ,  the r a t i o  of naphtha lene / te t ra l in  w i l l  be i d e n t i c a l l y  equal t o  1.0. 
However, t o  the ex ten t  tha t  unimolecular hydrogen-atom el iminat ion ( reac t ion  6) 
from the 1-hydronaphthyl r a d i c a l  (1-NH') competes with bimolecular radical-hydro- 
gen-transfer ( reac t ion  4 ) ,  the  f r e e  hydrogen atoms thus produced can e i t h e r  add to  
or a b s t r a c t  from DHN ( reac t ions  7a and 7b, respec t ive ly) .  H-atom addi t ion  r e s u l t s  
i n  equal q u a n t t t i e s  of naphthalene and t e t r a l i n ,  j u s t  as does radical-hydrogen- 
t ransfer  ( reac t ion  4 ) ,  but abs t rac t ion  produces H2 and naphthalene with no 
production of t e t r a l i n .  
determined both by the  r a t i o  of radical-hydrogen-transfer/elimination and by the  
f r a c t i o n  of those f r e e  hydrogen atoms produced t h a t  go on t o  add t o  DHN r a t h e r  
than abs t rac t ing  from it. Therefore, measurement of the change i n  NIT as a 
funct ion of d i l u t i o n  v i t h  an i n e r t  solvent (one t h a t  hydrogen atoms cannot readi ly  
add t o  or a b s t r a c t  from. such as biphenyl) provides a determinat ion of both of 
these branching r a t i o s .  

The naphtha lene / te t ra l in  product r a t i o  (NIT) is 

The s teady-state  a lgebra f o r  t h i s  determinat ion is simplest  if we restrict 
considerat ion to  i n i t i a l  react ion r a t e s  of a system tha t  is f a r  from equi l ibr ium 
(1.e. DHN/N, DHN/T > 1). I n  tha t  case we need to consider  only t h e  forward reac- 
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tions of the var ious propagation s teps ,  and f ind  the naphtha lene / te t ra l in  
production r a t i o  given by equation (8). 

k4 [ D W  - + 1  

In Figure 1 is p l o t t e d  a set of curves t h a t  correspond to  the re la t ionship  des- 
cribed by equation 8 between the  r a t i o  of naphthalene production r a t e  to t e t r a l i n  
production r a t e  and t h e  ex ten t  of DHN d i lu t ion .  
of 

Each curve is f o r  a given value 
"F," the  f r a c t i o n  of those  f r e e  hydrogens produced t h a t  go on t o  add to DM. 

Inspection of the  general  form of these  curves shows it t o  be i n t u i t i v e l y  
reasonable. Consider f i r s t ,  movement a long the  abscissa  of Figure 1: f o r  a given 
f rac t ion  o f , f r e e  hydrogen atoms t h a t  add (F f ixed) ,  the more the  DHN is di lu ted ,  
the  more NH' will be d iver ted  from the bimolecular RHT process ( reac t ion  4) t o  the 
unimolecular H-elimination process ( reac t ion  6), and the grea te r  w i l l  be t h e  
excess of naphthalene t h a t  r e s u l t s  from H abs t rac t ion  ( reac t ion  7b). The r e s u l t  
of movement from one va lue  of F to another is a l s o  reasonable: f o r  a given DlIN 
concentration, the lower t h e  f r a c t i o n  of H tha t  add (and therefore ,  the higher the 
f rac t ion  tha t  a b s t r a c t ) ,  t h e  g r e a t e r  w i l l  be t h e  excess of naphthalene. I n  the 
l i m i t  of no addi t ion  (F = O), a s  (DHN) + 0, N / T  + -. On the o ther  hand, in the  
limit where a l l  f r e e  H' add (and none a b s t r a c t ) ,  the f i n a l  result w i l l  not depend 
on the branching between RHT and el iminat ion:  N/T will b e  1.0 a t  a l l  l e v e l s  of 
DHN di lu t ion ,  a s  shown f o r  the bottom curve in Figure 1. In the  l imi t s  where the 
bimolecular t r a n s f e r  t o  e l imina t ion  r a t i o  (k4/k6) i s  very high o r  very low, e i t h e r  
RHT or  e l iminat ion of hydrogen atoms w i l l  dominate at a l l  p r a c t i c a l  l eve ls  of 
(DHN), and the observed (N/T) w i l l  not vary with DHN concentrat ion.  I n  other  
words, equat ion 8 is u s e f u l  only when r a d i c a l  hydrogen t r a n s f e r  and el iminat ion 
are competitive, and when addi t ion  is not the  exclusive pathway f o r  f r e e  H-atoms. 

Also shown i n  Figure 1 are  points  corresponding t o  measured N/T r a t i o s  i n  a 
s e r i e s  of experiments performed a t  385OC f o r  i n i t i a l  concentrat ions of DHN in 
biphenyl ranging from 2 to  30 m%. The d a t a  c l e a r l y  can be  well f i t t e d  t o  the 
funct ional  form of equat ion 8. 
f o r  k /k and 0.68 f o r  F. This means t h a t  of every 100 NH' formed, 
(1.08?2.bk)lOO, or 52, w i l l  t r a n s f e r  t h e i r  hydrogen bimolecularly ( a t  1.0 M 
concentration of the acceptor  D M ) .  and 48 will eliminate a hydrogen atom. Of the  
48 f r e e  hydrogen atoms, 68%, or a t o t a l  of 33, w i l l  add, and 15 w i l l  abs t rac t .  
This  means t h a t  52 out  of 85 hydrogen t r a n s f e r s  proceed through t h e  d i r e c t  
bimolecular process. Thus these r e s u l t s  are cons is ten t  with the r e a u l t s  of  Franz 
and c o r o r k e r s  ( 5 ) .  who reported t h a t  the hydrogenolysis of diphenylmethane i n  
t h i s  system was ,  under s i m i l a r  condi t ions,  always accompanied by a t  l e a s t  some H2 
formation, and therefore  could not be used as unequivocal q u a l i t a t i v e  evidence f o r  
Operation of an RHT mechanism. In the present  case, the measured e f f e c t s  of 
d i lu t ion  and a lgebra ic  separa t ion  presented above provide, within the accuracy and 
precis ion limits of t h e  d a t a ,  an unequivocal determinat ion of the  r e l a t i v e  
importance of radical-hydrogen-transfer and f r e e  hydrogen atom addi t ion.  

Implications of Solvent-Radical-Mediated-Hydrogen-Transfer 

The best f i t  corresponds t o  a value of 1.08 l / m  

One m y  quest ion how re levant  the above branching is f o r  hydrogen t r a n s f e r  in 
Coal l iquefac t ion ,  where t h e  p o t e n t i a l  rec ip ien ts  in the  coal  s t r u c t u r e  may be 
Present  at  e f f e c t i v e  concent ra t ions  much less than 1 M. While it is t r u e  t h a t  in 
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the  present circumstances, the  acceptor (DHN) concentrat ions a r e  f a i r l y  high (0.09 
to 1-25 M), the  pool of carrier molecules (naphthalene) is f a i r l y  low. What t h i s  
mea118 is  tha t  i f  the NH' cannot t m w f e r  i ts  hydrogen d i r e c t l y  t o  the  DHN, i t  W i l l  
e l iminate .  
s u b s t a n t i a l  port ion of polycycl ic  aromatic components (PCAH) which increase  the  
chances t h a t  when any given A r H '  cannot t r a n s f e r  i t s  H atom d i r e c t l y  t o  a c l e a r  
able  linkage i n  the coa l  s t ruc ture ,  and therefore  e l iminates  the H atom ins tead ,  

I n  a c t u a l  coa l  l iquefac t ion  systems, good donor so lvents  conta in  a 

the la rge  pool of PCAH w i l l  r eac t  rapidly 

X r 
ArH. + 6 I 

with the H t o  reform the c a r r i e r  A r n ' :  
1 

It is c lear  t h a t  increasing (Ar) increases  the  r a t e  of Reaction -10, and therefore  
the f rac t ion  of r a d i c a l s  present  as ArH' . By t h i s  mechanism. the  a v a i l a b l e  
hydrogen *'atoms'* a r e  shut t led  around i n  a form t h a t  can only t r a n s f e r  them (and 
cannot produce n2) u n t i l  they a r e  succesr fu l ly  t ransfer red  t o  a c leavable  coa l  
s t ruc ture .  Thus, we r e i t e r a t e  our previous suggestion (l-,Z-) t h a t  i t  is by t h i s  
"shut t l ing" mechanism tha t  good coa l  solvents  succesful ly  promote the t r a n s f e r  of 
hydrogen atoms to  c leavable  pos i t ions  i n  the  coa l  s t r u c t u r e ,  while minimizing the 
f r e e  hydrogen-atom production and therefore  the formation of H2. 
o f  il2 can be very wasteful ,  s ince  H 2  thd t  1s formed through hydrogen atom abstrac-  
t i o n  react ions is then unavai lable  f o r  l iquefac t ion  purposes, unless  the hydrogen 
pressure is  very high or  c a t a l y s t s  a r e  present .  

Such formation 

It is  i n t e r e s t i n g  t o  note  t h a t  the  maximum i n  l iquefac t ion  e f fec t iveness  a s  a 
funct ion of temperature t h a t  is of ten  seen between 430' and 460% could be a 
r e f l e c t i o n  of the f a c t  t h a t  while an increase i n  the concentrat ion or c a r r i e r  rad- 
i c a l s  brit. i s  des i rab le ,  and t h i s  can be achieved by going t o  higher temperatures, 
one a l s o  wants t o  l i m i t  the  f r a c t i o n  of A r i l '  tha t  e l iminate  hydrogen and generate  
H2 by abs t rac t ion  react ions.  
a t i o n  react tons of ArH'  w i l l  have t h e  highest a c t i v a t i o n  energ ies  of a l l  loss 
processes f o r  ArH' ,  i t  is not surpr i s ing  t h a t  an optimum temperature would be 
reached, above which the  p r i n c i p a l  hydrogen " t ransfer"  reac t ion  would be t h e  
useless  one of dehydrogenating the hydroaromatic striirtaures i n  the  coa l  and donor 
solvent  t o  make 82- 

Given t h a t  the unimolecular hydrogen atom e l i m i n -  

It should a l s o  be noted tha t  the  r e s u l t s  of Vernon (L), showing f a c i l e  hydro- 
genolysis  of bibenzyl, were obtained a t  s u b s t a n t i a l  Y2 pressures  (> 500 p s i ) ,  a t  
temperatures > 43OoC, and i n  the absence of s u b s t a n t i a l  amounts of-hydroaromatic 
or polycycl ic  aromatic solvent  components. From the above d iscuss ion ,  it is c l e a r  
t h a t  these condi t ions w i l l  tend t o  minimize formation of ArH' i n  the f i r s t  place,  
and t o  minimize the chances t h a t  any H' produced w i l l  be converted t o  ArH' by the 
pool  of 4r. Furthermore, t h e  high hydrogen pressure provides a route  to ri via  
hydrogen abs t rac t ion  from H2 by thermally generated benzyl r a d i c a l s ,  as  invoked by 
Vernon. Thus, there  is no conFlict  between the r e s u l t s  of Vernon and those 
presented here: i n  re t rospec t  i t  can be s t a t e d  t h a t  the condi t ions  used i n  h i s  
work a r e  those expected t o  minimize the importance of t r a n s f e r  from solvent  
rad ica ls  ArH' ,  and t o  maximize the  importance of f r e e  hydrogen atoms. In f a c t ,  a s  
noted by Ross (z), the  cleavage observed by Vernon is decreased by Increasing 
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hydroaromatic content  i n  t h e  solvent .  
observed i n  a c t u a l  coa l  l iquefac t ion ,  the  mode of cleavage observed by Vernon 
would appear not t o  be representa t ive  of t h e  bulk of the  coa l  s t r u c t u r e  cleavage 
obtained i n  so lvents  of high donor content. 

Since t h i s  trend is counter t o  t h a t  

Accuracy of the m T / E l i d n a t i O n  Determination 

Given the  l imi ted  range of observed N/T r a t i o s  i n  Figure 1, it i s  appropr ia te  
t o  ask how prec ise  the present  determinat ion of t h e  radical-hydrogen-transf e r /  
e l iminat ion r a t i o  a c t u a l l y  is. The two most important q u a l i f i c a t i o n s  are t h a t  
equation 8 is a d i f f e r e n t i a l  expression. derived f o r  i n i t i a l  condi t ions where t h e  
only important propagat ion reac t ions  a r e  4 ,  5 ,  7a and 7b, and t h e  reverse  of these  
react ions can be neglected.  Furthermore, t h e  assumption is t h a t  s i d e  reac t ions  
a r e  r e l a t i v e l y  unimportant. 
r a t i o s  i n  t h e  i n i t i a l  s t a g e  of t h e  react ion when the system i s  f a r  from equi l i -  
brium. The l a t t e r  c r i t e r i o n  i s  marginally s a t i s f i e d  by choosing reac t ion  condi- 
t i o n s  tha t  a r e  a compromise between excessive f r e e  hydrogen atom el iminat ion (fav- 
ored by high temperatures) ,  and excessive formation of dimeric  DHN products (fav- 
ored by low temperatures and high DHN concentrations(?)). This choice provides a 
f a i r l y  narrow window i n  which t o  make measurements, and coupling product formation 
could not be completely avoided. However, f o r  a l l  but the  point a t  the  highest  
DHN concentrat ion (30 m % ) ,  the  amount of DHN coupling product formation w a s  l e s s  
than about 10%. 
derived branching r a t i o s  is assessed below. 

The f i r s t  c r i t e r i o n  i s  m e t  by measuring product 

The e f f e c t  of t h i s  minor amount of coupling product on the  

Examination of the  DHN coupling products i d e n t i f i e d  i n  the thorough study by 
Franz and co-workers (2) i n d i c a t e s  tha t  these  products are formed pr imari ly ,  but 
no t  exclusively,  a t  the expense of t e t r a l i n  formation. I f  we make even t h e  
extreme assumption tha t  the  coupling products observed i n  our experiments were 
formed exc lus ive ly  a t  t h e  expense of t e t r a l i n ,  and cor rec t  the  observed N/T r a t i o s  
accordingly, the value of  F remains e s s e n t i a l l y  unchanged, and t h e  value of 
RHT/elimination i n c r e a s e s  by about 30%. 
coupling products i n  s i d e  reac t ions  cannot inva l ida te  the  general  conclusion tha t  
t h e  hydrogen c a r r i e r  r a d i c a l  i n  te t ra l in /naphtha lene  systems ( the 1-NH' rad ica l )  
t r a n s f e r s  hydrogen bimolecular ly  t o  dihydronaphthalene at  r a t e s  competitive with 
t ransfer  by f ree  hydrogen atoms. 

Importance of Radical Hydrogen Transfer  i n  Other Solvent Systems 

The r e s u l t s  above demonstrate tha t  i n  the  r a d i c a l  cha in  d ispropor t iona t ion  of 

Thus, inaccuracies  due t o  formation of 

1,2-dihydronaphthalene, hydrogen i s  t ransfer red  from a so lvent  r a d i c a l  t o  another 
o l e f i n i c  o r  aromatic system, i n  a bimolecular react ion t h a t  w a s ,  u n t i l  t h i s  work 
(L,L), without precedent i n  the chemical l i t e r a t u r e .  
"How important is t h i s  r e a c t i o n  under condi t ions t h a t  more c lose ly  m i m i c  those i n  
donor solvent coa l  l iquefac t ion?"  In order  t o  he lp  answer t h i s  quest ion,  we  have 
s tudied the cleavage of a very s t rongly  bonded model compound i n  a number of donor 
solvent  systems. A t  400°C i n  common donor solvent  systems, 1,2'-dinaphthylmethane 
(DNM) exhib i t s  cleavage h a l f - l i v e s  (forming methylnaphthalenes and naphthalene) of 
3 t o  200 hours, as shown i n  r e a c t i o n  2 above. 
promoted" cleavage, s i n c e  no cleavage (1.e. % react ion < 0.1%) can be seen i n  20 
hours i n  pure aromatic s o l v e n t s  (t  112 > 10,000 hours). 
k c a l / m l  s t rength  of t h e  c e n t r a l  bond ( 1 4 )  is such tha t  t h e  h a l f - l i f e  f o r  spontan- 
eous thermal rupture  is  on the  order  o f ~ O O - m i l l i o n  hours (5%). Dinaphthylmeth- 
ane 1s somewhat harder  t o  cleave than analogous phenanthrene der iva t ives  would be, 
and much harder  t o  c leave  than s i m i l a r  anthracene der iva t ives  (2,3,12,13). Of a l l  
t h e  s ing le  methylene br idges between aromatic groups, the  only one more d i f f i c u l t  
t o  cleave in a hydrogenolysis process than dinaphthylmethane i s  t h a t  i n  
diphenylmethane. 

Now one obvious quest ion is, 

This is unquestionably a "solvent- 

In f a c t  t h e  ca. 85 

The point  is  t h a t  dinaphthylmethane is  i n  a l l  l ike l ihood 
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est.& 
H-elim. 

31 

31 

46 

46 

a relatively severe test of the bond-cleaving ability of a coal liquefaction 
solvent system. 

Because of its unsymmetrical coupling, we have with l,Z'-dinaphthylmethane 
not only an indicator of the hydrogen transfer activity of a solvent system, but 
also an indicator of the mode of transfer. Since the 1-position of naphthalene is 
preferred for hydrogen atom addition or transfer (by - 4 kcal/mol, compared to the 
2-position (3 ,12,13)  the ratio of product resulting from attack at the 
1-poation to that resulting from attack at the 2-position provides a measure of 
the selectivity of the transfer agent and therefore an indication of the nature of 
the transfer process. 

Thermochemistry of Hydrogen Transfer in Selected Systems 

As a basis for anticipating the relative importance of radical-hydrogen- 
transfer (RHT) in the dihydronaphthalene system discussed above and in other sol- 
vent and acceptor systems, we need at least to know the relevant thermodynamic 
values. 
for RHT and hydrogen atom elimination for dihydronaphthalene dT&iFkiona- 
tion (l), dinaphthylmethane cleavage in tetralin (2) and in 9,lO-dihydroanthracene 
(31,  and for 9-alkylanthracene cleavage in 9,lO-dihydroanthracene ( 4 ) .  On the 
basis of these values rough estimates can be made of the ratio of RHT to 8' 
elimination. 

In Table 1 are given measured or estimated enthalpy (1 3 12 13) values 

RHT 

13 

16 

28 

16 

System 

1 

m 
2 

3 

4 

Table 1 THERMOCHEMICAL VALUES FOR HYDROGEN TRANSFER'' 

~ 

Ar-X AHo, kc 
a;elin 

+30 

+30 

+45 

+45 

11.1) 

0.1 

1.1 

104 

aValues taken directly from, or estimated on the basis of, data in references 3.12,andU. 
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The r a t i o  of the  RHT rate t o  the  H' e l imina t ion  r a t e  f o r  the f i r s t  system is in 
f a c t  the r a t i o  whose determinat ion is discussed above. The es t imat ion  of the  H' 
el iminat ion r a t e  constant  is subject  to  r e l a t i v e l y  l i t t l e  uncer ta in ty ,  stoce the 
i n t r i n s i c  a c t i v a t i o n  energy f o r  hydrogen-atom el iminat ion is knom (2,g) t o  be 
no more than about 1 kcal/mol. The "estimated" r a t e  constant f o r  WT was then 
adjusted t o  f i t  the  measured RHT/elimination r a t i o  by assuming tha t  the  generic A- 
fac tor  for  RHT ( r e a c t i o n  11) was  
t a t i v e "  value f o r  the  ubiqui tous and geometrically s i m i l a r  metathesis  react ion 
(Reaction 12). 

l/m-sec, a well-accepted (3-,2) "represen- 

r 

r l $  

This adjustment resu l ted  in an ac t iva t ion  energy of 13 kcsl/mol. not unreasonable 
for  a 15 kcal/mol exothermtc t r a n s f e r ,  in view of measured a c t i v a t i o n  energies 
(&,L) of about 16 kcal/mol f o r  thermoneutral metathesis  reac t ions  involving two 
resonance-stabilized r a d i c a l s .  This adjustment provides a reasonable base f o r  
semi-quantitative specula t ion  about the r e l a t i v e  rates of RHT and el iminat ion f o r  
the other t h r e e  systems i n  Table 1. 

When DNM ( ra ther  than 1,Z-DHN) is the  acceptor of the hydrogen, the  t ransfer  
from the NH' r a d i c a l  is now nearly thermoneutral (assuming t r a n s f e r  t o  the 
aromatic naphthalene system is otherwise similar t o  t r a n s f e r  t o  the i so la ted  
double bond of 1,Z-DHN) and one would expect a s l i g h t l y  higher i n t r i n s i c  
ac t iva t ion  energy. This  r e s u l t s  in the  expectat ion t h a t  U T  i n  system 2 may now 
be as much as  1OX slower than el iminat ion.  
9-hydroanthryl r a d i c a l  (AnH') t o  DNM is 15 kcal/mol endothermic. and el iminat ion 
is about 45 kcal/mol endothermic. 
energy surface moving from exothermic t o  thermoneutral t o  endothermic RHT, the 
i n t r i n s i c  a c t i v a t i o n  energy would again be 13 kcal/mol (making E,-,bs- 
28 kcal/mol). The net r e s u l t  t o  is t o  make the RHT/elimination r a t i o  the  same a s  
case number one, where RHT was 15 kcal/mol exothermic. 

In the t h i r d  system, t r a n s f e r  from the 

Assuming symmetrical behavior of the poten t ia l  

13 + 15 

The l a r g e s t  change in the  series is expected for the  four th  system. here ,  
f o r  thermoneutral t r a n s f e r  from an anthracene carrier t o  an anthracene acceptor, 
the an t ic ipa ted  a c t i v a t i o n  energy for  W T  drops by wre than 10 kcal/mol as  
compared t o  System 3, while  t h a t  f o r  H' el iminat ion remains constant ,  and the RHT 
is expected t o  exceed e l imina t ion  by more than three  orders  of magnitude. S t e i n  
and coworkers  have recent ly  completed (16) s tud ies  on one example of System No. 4 
(g,lO-dihydroanthracene/9-ethylanrhracenT and have apparent ly  found the  k ine t ics  
of hydrogen t r a n s f e r  t o  be wholly inconsis tent  with hydrogen t r a n s f e r  by way of 
free hydrogen atoms, but  cons is ten t  with t h e  radical-mediated bimolecular t ransfer  
process invoked i n  t h i s  work. 
a l s o  note t h a t  the evidence we provide in t h i s  paper f o r  the importance of 

We find t h i s  agreement gra t i fy ing .  However, w e  

1 
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Kadical-Hydrogen-Transfers even i n  the  less "favored" systems, 1 and 3, is a much 
s t ronger  suggestion of its widespread s igni f icance  i n  coa l  l iquefac t ion .  

Implications f o r  Coal Liquefact ion 

rad ica l  is not necessar i ly  the  bes t  f o r  coa l  l iquefac t ion .  Clear ly ,  what is 
desired is maximum r e a c t i v i t y  coupled with t h e  maxiaum a t t a i n a b l e  s e l e c t i v i t y  f o r  
U T  and against  H-atom el iminat ion.  I n  general ,  t h i s  w i l l  be best obtained 
through maximum numbers of ArH' of r e a c t i v i t y  low enough t h a t  H-elimination is not 
a s u b s t a n t i a l  s ide reac t ion .  This c r i t e r i o n  is  more s i iccessful ly  m e t  by the  tr i-  
and t e t r a c y c l i c  PCAH systems than by the te t ra l in lnaphtha lene  systems. 

From the  above discussion,  i t  seems c l e a r  t h a t  the "hot tes t"  hydrogen carrier 

I n  order t o  determine the r e l a t i v e  importance oE KHT and f r e e  hydrogen atom 
addi t ion  as  hydrogenolysis pathways i n  Systems 2 and 3 and re la ted  systems, we a r e  
using, as an ind ica tor ,  the i n t e r n a l  or  pos i t iona l  s e l e c t i v i t y  i n  the  cleavage of 
1,2'-dinaphthylmethane. I n  var ious experiments performed thus f a r ,  i n  which the  
donor so lvents  have included t e t r a l i n ,  dihydrophenanthrene, dihydroanthracene, 
dihydropyrene, te t rahydroquinol ine,  and indol ine,  t h e  f u l l y  aromatic counterpar t s  
of some of these solvents ,  and mixtures of the pure so lvents  with coa ls  o r  coa l  
products, w e  have observed the  r a t i o  of 2-methylnaphthalene/l-methylnaphthalene to  
range from about 2.2 t o  4.8. Some of these da ta  a r e  shown i n  Figure 2, where the  
observed r a t i o  is plo t ted  as a funct ion of the endothermicity of hydrogen t r a n s f e r  
from the respect ive solvent  r a d i c a l  ArH'. 

The var ia t ion  i n  s e l e c t i v i t y  shown i n  Figure 2 demonstrates, a t  a minimum, 
tha t  the hydrogen t r a n s f e r  which r e s u l t s  i n  the DNM cleavage is not ,  i n  a l l  cases. 
due to  f r e e  hydrogen atoms. The increase i n  s e l e c t i v i t y  a s  the hydrogen t r a n s f e r  
becomes more endotherrdc ind ica tes  e i t h e r  t h a t  (1) the t r a n s f e r  is i n  all cases  by 
an KWT process t h a t  na tura l ly  becomes mre s e l e c t i v e  as the r e a c t i v i t y  of ArH' 
decreases, or (2) t h a t  i n  the  case of the system of least s e l e c t i v i t y  
( te t ra l in /naphtha lene) ,  t h e  t r a n s f e r  is wholly or par t ly  v i a  f ree  hydrogen atoms, 
and t h a t  the proportion of t r a n s f e r  by RHT increases  as the r a d i c a l s  ArH'  become 
less reac t ive .  In e i t h e r  event, these  da ta  provide unequivocal evidence t h a t  
t r a n s f e r  v i a  f ree  hydrogen atoms could be the  s o l e  mode of cleavage, a t  most, only 
f o r  the naphtha lene / te t ra l ln  system. 

1-Me-N r a t i o  can vary not only as a funct ion of solvent  system, but a l s o  as a 
funct ion of the acceptor  concentrat ion i n  the  solvent .  For instance,  i n  t h e  case 
of dihydrodnthracene, the r a t i o  v a r i e s  froin about 3 t o  about 7 ,  depending on 
whether the  solvent i s  predominantly dihydroanthracene or anthracene, respec- 
t ive ly .  This 1s i n  accord with the  observat ion made ahnve, namely t h a t  i f  a suc- 
cess fu l  encounter w t t h  a c leavable  coal  s t r u c t u r e  is not made before the  hydrogen 
atom is unimolecularly elt!oindted from the o r i g i n a l  ArH'  c a r r i e r ,  a l a r g e  pool of 
t h e  d r o m t i c  component a c t s  as  a temporary acceptor f o r  t h e  hydrogen atom. Thus, 
f o r  a given ArH'  s teady-s ta te  concentrat ion,  the l ik l ihood t h a t  an acceptor  w i l l  
receive a hydrogen atom i n  an RHT process is  a funct ion not only of the  acceptor 
concentrat ion,  but a l s o  of the A r  concentrat ion i n  the solvent  pool. I n  e x p e r  
iments current ly  underway, we a r e  determining the cleavage product r a t i o  as a 
funct ion of UNM and Ar concentrat ions.  I f ,  by s u f f i c i e n t l y  d is favor ing  and favor- 
ing  t h e  RHT process r e l a t i v e  t o  t r a n f e r  v i a  f r e e  hydrogen atoms, we can reach a 
s ing le  demonstrable minimum for  a l l  solvent  systems and unique maxima i n  t h e  2:l- 
methylnapthalene product r a t i o s  f o r  each solvent  system then we w i l l  have 
determined the product r a t i o s  €or cleavage purely by f r e e  hydrogen atoms on t h e  
one hand and purely by U T  on the  other  hand. Having determined these  values ,  
t h e  product r a t i o s  observed under other  condi t ions w i l l  be a d i r e c t  and 
unequivocal measure of the  r e l a t i v e  cont r ibu t ion  of cleavage by t h e  two hydrogen 
t r a n s f e r  modes. Such r e s u l t s  should put us one s i g n i f i c a n t  s t e p  c l o s e r  to the  
goa l  of understanding the  chemistry by which hydrogen can be s h u t t l e d  from ooe 

The data  i n  Figure 2 do not i l l u s t r a t e  the addi t iona l  f a c t  t h a t  t h e  2-Me-N/ 
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position in the solvent or coal structure to engender cleavage st another 
position, while minimizing the requirement for high hydrogen pressures or 
heterogeneous catalysts. 
transfer-promoted bond cleavage in coal liquefaction suggests that it is also 
important In coal pyrolysis, and that a better understanding of the process would 
allow it to be augmented under the conditions of pyrolysis. 

Finally, an awareness of the importance of hydrogen- 

ACKNOWLEDGEMENTS 

The authors wish to acknowledge the support of the U.S.  Department of Energy 
under contracts DE-FG22--84PC70810 and DE-AC22-81PC40785. 

REFERENCES 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

9. 

D. F. McMillen, W. C. Ogier, S. J. Chang, R. 8. Fleming, and R. Malhotra, 
Proceedings of the 1983 International Conference on Coal Science, Pittsburgh, 
Pennsylvania, 15-19 August. 1983, p. 199. 

D. F. McMillen, W. C. Ogier, R. B. Fleming and R. Ualhotra, "Hechanisms of 
Hydrogen Transfer and Scission of Strongly Bonded Coal Structures in Donor 
Solvent Systems", to be submitted to Fuel. 
S. E. Stein, "A Fundamental Chemical Kinetics Approach to Coal Conversion," 
in Advances in Chemistry Series 192, American Chemical Society, Washington, 
DC, 1982, p. 97. 

a. 

b. D. H. Finseth, B. C. Bockrath, D. L. Cillo, E. G. Illig, R. F. Sprecher, 

B. C. Bockrath, E. Bittner, and J. McGrew, J. Am. Chem. S o c . , E ,  135 (1984). 

8. L. Retcofsky, and R. G. Lett, Am. Chem. SOC. Fuel Div. Preprints 2, 
(5) 17 (1983). 

a. J. A. Franz, D. M. Camaioni, R. R. Beishline, and D. K. Dalling, 
"Molecule-Induced Homolysis in Coal Chemistry: Radical Initiations, 
Reactions. and Hydrogen Atom Production from 1,Z-Dihydronaphthalene," 
presented at the American Chemical Society National Meeting, Seattle, WN, 
14-18 March 1983, Paper No. 155. 

b. J. A. Franz, R. 0. Barrows, and D. M. Camaioni, J. Am. Chem. SOC. 106, 
3964 (1984). 

C. J. A. Franz, D. M. Camaioni, R. R. Beishline, and D. K. Dalling, J. Org. 
Chem. 49, 3563 (1984). -- 

a. K. R. Brower, Fuel 56, 245 (1977). 

b. 

L. W. Vernon, Fuel 59, 102 (1980). 

S. Friedman, S. Metlin, A. Sredi, and I. Wender, J. Org. Chem. 2, 1287 
(1959). 

D. T. Allen and G. R. Gavalas, Int. J. Chem. Kinetics E, 219, (1983) 

K. R- Brower, J .  Org. Chem. 41, 1889 (1982). 

306 



10- 1. H.-H. King and L. M. Stock, Fuel 60, 748 (1981). 

b. H.-H. King and L. M. Stock, Fuel 61, 257 (1982) 

11. D.  S.  Ross, pr iva te  communication. 

12.  D. McMillen and D. M. Golden, "Hydrocarbon Bond Dissoc ia t ion  Energies ,"  
Rev. Phys. Chem. 22, 497 (1982). 

W. C. Herndon, J. Org. Chem. s, 2119 (1981). 13. 

14. S. W. Benson, Thermochemical Kinet ics ,  2nd ed. John Wiley and Sons, Inc., New 
YOrk, 1976. 

15. J. A. Kerr and S. J. Moss CRC Handbook of Bimolecular and Termolecular Gas 
Reactions, Vol. 1, CRC Press ,  Inc. Boca Raton, F lor ida ,  1981. 

16. S. E. Stein,  p r iva te  communication. 

- I -  
ts ',,*'?a - 

I ! I I 

0 0 5  10  I 2 0  2 5  

,A-, ,..-I 
L.I.~,O*N, 

FlGURE 1 EFFECTOF OllUTlONWlTH BIPHENYL ON THE PRODUCT RATIO 
IN THE DlSPROPORTlONITlON OF 1,1-DIMVDRONAPHTHALENE 
AT m5'C 

F l t U R E  1 SELECTIVITY FOR HYDROGEN TRANSFER FROM SOLVENT 
RAOICALS RATlO Of ONE-POSITION TOTWD- POSITION 
TRANSFER TO DINAPHTWILHETUANE 

307 



HYDROGEN UTILIZATION DURING THE EARLY 
STAGE OF COAL LIQUEFACTION 

B.C. Bockrath, D.H. Finseth, and E.G. Illig 

U.S. Department of Energy 
Pittsburgh Energy Technology Center 

P . O .  Box 10940 
Pittsburgh, Pennsylvania 15236 

In the study of the chemistry of direct coal liquefaction, many of the more 
interesting aspects concern the initial conversion of coal into products extract- 
able by polar solvents such as tetrahydrofuran. Among these are questions about 
the type and extent of the various chemical reactions necessary to convert the 
macromolecular matrix of coal to extractable fragments. The breakdown of the 
matrix is often depicted as a consequence of thermolysis of cross-linking bonds in 
coal. However, it is not yet clear to what extent the actions of the solvents, 
reducing gases, or catalysts applied to the coal are confined to events after the 
initial thermolytic reactions or to what extent they act directly on the macro- 
molecular matrix itself. 

Hydrogen transfer reactions are common to all stages of coal liquefaction. In 
previous work [1,21, a method was developed and used to determine net hydrogen 
utilization in the course of liquefaction. The total organic feed and the total 
organic product were considered in this analysis. The use of hydrogen was divided 
into four categories according to the type of reaction involved. These include 
(1) the production of light hydrocarbon gases, (2) removal of heteroatoms, 
(3) hydrogenation/dehydrogenation reactions involving changes in aromaticity, and 
(4 )  the sum of matrix cleavage reactions and condensation reactions. This same 
method has now been used to determine the changes in the amount of reactions in 
these four categories during the early stages of coal conversion. A wide variety 
of conversion conditions was surveyed to explore the sensitivity of hydrogen utili- 
zation to important process variables. These variables include the temperature, 
the reducing gas, the catalyst, and the use of water rather than an organic solvent 
as the liquefaction medium. 

Experimental 

Coal liquefaction was conducted in a 0.5-L stirred autoclave. In a typical 
experiment, 30 to 50 g (maf) of coal ground to pass 60 mesh was charged to the 
autoclave along with water or coal-derived solvent. When used, the solvent was a 
distillate cut (24O0C-4500C) obtained from operations at the SRC-I1 pilot plant 
formerly at Ft. Lewis, Wash. The autoclave was pressurized with the appropriate 
amount of gas to obtain the desired partial pressure at operating temperature. 
Heat-up times to liquefaction temperatures were about 45 minutes. The autoclave 
was held at temperature for the specified time and then rapidly cooled by means of 
internal water-cooling coils. Grab samples of the off-gas were taken for analysis 
by gas chromatography as the autoclave was depressurized. 

Conversion data were obtained by subjecting the entire autoclave contents to 
exhaustive Soxhlet extraction with tetrahydrofuran (THF). After extraction, the 
residues Were dried in a vacuum oven at llO°C and weighed. Conversion values were 
based on the weight o f  dried residue. 

The method used to determine hydrogen utilization data has been described [l]. 
In brief, the elemental analyses were obtained for the feed coal and the lique- 
faction solvent. The liquid products were separated into methylene chloride 
extracts and residues by Soxhlet extraction. Elemental analyses and carbon aroma- 
ticities were obtained for both fractions. The carbon aromaticities were 
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determined b 13C NMR using CP/MAS techniques on the insoluble fractions, and high 
resolution 'I5, NMR in CDzC12 for the extracts. An estimate of the amount of hydro- 
carbon gas produced was also made on the basis of gas chromatographic analysis of 
the grab sample of off-gas and the estimate of gas volume based on pressure 
measurements. 

The coal was an Illinois No. 6 bituminous coal from the River King mine. The 
elemental analysis on an maf basis was as follows:C, 73.7%; H, 5.6%; N, 1.5%; 0, 
14.8%; and S, 4.5%. The ash content was 13.6% on a dry basis. 

Results and Discussion 

Dispersed catalysts may be effective in coal conversion at relatively low 
liquefaction temperatures, especially at low solvent-to-coal ratios. Figure 1 con- 
tains conversion data as a function of solvent-to-coal ratio obtained after holding 
the temperature at 350OC for 60 minutes under 2000 psia hydrogen. As reflected by 
tetrahydrofuran conversion values, the effect of adding ammonium molybdate ( 1% 
molybdenum on maf coal weight) becomes pronounced at low solvent/coal ratios. In 
this sense, use of catalyst under HZ pressure reduces the demand for the large 
quantities of recycle solvent normally required for good conversion in the absence 
of catalyst. High conversions may thus be obtained at low solvent/coal ratios. 
Regarding the mechanism of liquefaction, these data indicate that catalysts can 
play a role in the breakdown of the coal matrix that leads to the initial formation 
of extractable products. 

Table 1 compares the effects of liquefaction temperature on hydrogen utiliza- 
tion at the more conventional solvent/coal ratio of 2. The two catalysts used, 
ammonium molybdate and tin tetrachloride, were thought to act in liquefaction by 
different means [3]. The former is noted for hydrogenation activity, and the 
latter is not. However, differences in the hydrogen utilization data between the 
two were not striking. 

As determined earlier [1,2], temperature has a large effect on the pattern of 
utilization. There is a change from net hydrogenation to net dehydrogenation 
between 375oC and 425OC. Hydrogen partial pres- 
sure at temperature was roughly the same, 2000 psia, in all cases. The direction 
of the change from net hydrogenation to net dehydrogenation is expected from 
thermodynamic considerations. At equilibrium, higher temperatures generally favor 
the formation of aromatic compounds from hydroaromatic compounds by release of 
hydrogen. These data emphasize the important effect of temperature and the degree 
of control possible within a short span of temperature centered around 40OOC. 

The net change at 4OO0C was zero. 

The addition of the catalysts at 425% had a large effect on the amount of 
hydrogen consumed during the cleavage of matrix bonds. The method measures net 
hydrogen utilization without regard to the details of the chemical mechanism. 
Thus, from these data alone it cannot be said whether the increase in hydrogen use 
is due to promotion of bond cleavage directly or to the prevention of condensation 
reactions between reactive fragments created by simple thermal bond scission. At 
375oC, there was little net change in matrix bonds in the presence of ammonium 
molybdate and no net change in the absence of catalyst. Of course, since only net 
changes are measured,this does not necessarily mean that matrix bond cleavage did 
not occur. It may be that cleavage reactions are nearly balanced by condensation 
reactions. 

The amount of hydrogen consumed to remove heteroatoms is relatively small, as 
expected under mild liquefaction conditions. Almost all of this hydrogen is used 
in the removal of oxygen. There is essentially no change in nitrogen content and 
only a small reduction of organic sulfur. 
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In a separate series of autoclave experiments, liquefaction with water was 
compared to that with the organic liquefaction solvent. In some respects, inter- 
pretation of the data obtained with water was simplified because now all of the 
organic liquefaction products originate from the coal. However, coal may behave 
quite differently in water than in organic solvents. In particular, conversions in 
water vary greatly depending on the type and partial pressure of the reducing gas 
and on the type of catalyst used. 

Table 11 contains liquefaction data obtained at 350°C. At this mild tempera- 
ture, conversions are very low using water as a solvent under hydrogen. By 
comparison, conversions were much higher even at a shorter contact time using 
SRC-11 distillate. They were also less sensitive to hydrogen partial pressure in 
the hydrocarbon solvent. 

When coal was recovered from the experiments with water and hydrogen at room 
temperature partial pressures less than 1500 psia, it appeared not to have agglom- 
erated nor to have lost its particulate nature. Sufficient conversion to cause 
agglomeration did occur under 2000 psia hydrogen partial pressure. In contrast, 
under only 1000 psia room temperature partial pressure of C0,the coal was generally 
recovered as an agglomerated mass. Conversions were much higher under CO than 
under hydrogen at the same pressure and were improved further by use of ammonium 
molybdate and even more so by basic catalysts, KzS in particular. Clearly, the 
mechanisms of liquefaction must be quite different according to whether CO or HZ is 
used as the reducing gas. These findings are similar to those of an earlier 
comparison of hydrogen and carbon monoxide used with water in the presence or 
absence of base [41. 

Hydrogen utilization data were obtained for a variety of reaction conditions 
with water (Table 111). Many of these hydrogen utilization values are larger than 
those in Table I. If the speculation that coal accounts for the majority of the 
reactions using hydrogen when organic solvent is present is accepted, then the 
increase in the absolute magnitude of the utilization values is easily understood. 
The organic solvent may act as a diluent that reduces the observed amount of 
hydrogen used or given up per 100 carbons of the total feed. In water, however, 
all of the carbon is associated with the coal, thus resulting in observation of 
larger changes. Aside from this dilution factor, there seems to be a general trend 
for coal to give up hydrogen more readily by dehydrogenation and condensation reac- 
tions in water than does the total mixed feed of coal and recycle solvent. 

In water, temperature is again a major determinant of the pattern of hydrogen 
utilization. At 4OO0C there is an overall net loss of hydrogen by coal. 
Generally, the loss is split between dehydrogenation reactions and condensation 
reactions. The latter are reflected as negative values for matrix cleavage. In 
contrast, at 35OoC under CO, there is little change in total hydrogen in the 
absence of catalyst. In the presence of KOH, there is a sizable uptake of 
hydrogen. 

With either HZ or NZ 
replacing CO, there is again a large net loss of hydrogen by coal. The loss is 
accounted for by both dehydrogenation and condensation, as it was at 40OoC. 

Gas make is virtually nil at 35OoC. 
The loss of heteroatoms, which is almost totally due to loss of oxygen in these 
experiments, is not as great at 35OoC as at 40OoC. The exception to this observa- 
tion is the higher value at 35OoC for the one experiment run for 120 minutes. 
Thus, the rate of loss may be slower at the lower temperature. 

The role of catalyst is also closely related to liquefaction temperature. 
Although the data are incomplete, addition of KOH markedly increases the total 
amount Of hydrogen taken up by coal at 35OoC. At 4OO0C, the difference on addition 

The type of reducing gas has a large influence at 35OoC. 

Other general trends are also apparent. 

3 10 



of KOH is mostly associated with an increased loss of hydrogen by condensation 
reactions. 

'The reaction conditions surveyed here indicate that hydrogen utilization 
varies considerably with liquefaction conditions. Temperature, reducing gas, and 
catalyst were major influences. These data provide added confidence that the 
analytical method reveals real changes in liquefaction mechanisms. A full picture 
of hydrogen utilization requires a much more extensive comparison among the myriad 
of process parameters. Further studies now under way are aimed at identifying 
other critical parameters, such as reaction time. 
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Catalyzed and Non-Catalyzed Liquefaction1 
Table I. Coal Conversion and Hydrogen Utilization for 

Heteroatom Matrix Gas 
Catalvst Temperature Removal Hydrogenation Cleavage Make Total2 

Ammonium 375% 1 2 2 0 5 

SnCl c 375oc 0 4 0 0 4 

Ammonium 4OO0C 2 0 2 0 4 

None 425OC 2 -5 5 1 3 

Ammonium 425OC 2 -4 11  2 1 1  

SnCl* 425OC 1 -4 10 2 9 

Molybdate 

Molybdate 

Molybdate 

1 A11 liquefactions under approximately 2000 psia hydrogen partial pressure at 
operating temperature, using 2 parts solvent and 1 part maf coal. 

2A11 utilization numbers in hydrogens per 100 carbons in feed slurry. 
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TABLE 11. Coal Conversion a t  35OoC 

Solvent 1 

SRC-I1 

SRC-I1 

SRC-I1 

SRC-I1 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Gas. psia2 Time, m i n .  catalyst3 

Hz, 200 15 

H2, 1000 15 

Hz, 2000 15 

Hz, 3000 15 

Hz, 1100 60 

N2, 1010 60 

Hz, 1100 60 AmMo ( 0 . 2 5 )  

H z ,  1500 60 

Ha, 2000 60 

co, 1000 60 

co, 1010 60 KtS (2%) 

co, 1010 60 AmMo (0.2%) 

co, 1020 60 AmMo (0.4%) 

co, 1000 60 KOH ( I % ) ,  AmMo (0.42) 

~onvers ion4 

66 

68 

75 

80 

16 

12 

19 

33 

57 

63 

93 

71 

82 

86 

lTwo parts solvent used to one part coal, by weight. 

2With SRC-11, pressure is measured a t  operating temperature. 
is measured a t  room temperature. 

3Catalyst loading is weight percent on maf coal. 
based on weight of molybdenum. 

IIBased on residue weights af ter  exhaustive Soxhlet extraction w i t h  tetrahydrofuran. 

With water, pressure 

For ammonium molybdate, AmMo , 
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THE NATURE OF VITRINITE SECONDARY FLUORESCENCE 

Rui Lin, Alan Davis, D . F .  Bensley and F.J. Derbyshire 

Coal Research Section 
College of Earth and Mineral Sciences 

The Pennsylvania State University 
University Park, PA 16802 

INTRODUCTION 

In recent years, the phenomenon of vitrinite fluorescence has been noted and 
related to thermoplastic behavior (1-5). 
divided into primary and secondary stages of fluorescence. 
fluorescence is inherited from biopolymers; it decreases markedly in intensity from 
the peat stage to the subbituminous C/B rank and, within the same range, the 
wavelength of its maximum spectral intensity shifts from 520 to 660 nm. Following 
the loss of most of the primary fluorescence, a secondary vitrinite fluorescence 
begins to develop, and this in turn becomes extinct at low volatile bituminous rank 
(ca. 1.8% Rm) (4). 
bituminous rank range, which is well correlated with thermoplastic properties. 

intensive study during recent years, the chemical basis of the phenomenon is little 
understood. 
to the presence of absorbed bitumen” which has been generated during coalification 
from liptinite and lipoid substances incorporated in the vitrinite. Ottenjann 
et a1 .(2) noted the parallelism between vitrinite fluorescence and solvent 
extraction yields, and also suggested that the fluorescence is due to the presence 
of ”bitumen”. Of course, this idea was speculative and required further chemical 
confirmation. 

Recent studies(6-10) of the structure of vitrinite suggest that this maceral 
can be regarded as occurring in two distinct phases. 
relatively more condensed three-dimensional aromatic network system. 
called “mobile phase”, is thought of an assembly of relatively small molecules 
located, even partly trapped, within the network. 

extractions of coals with solvents of decreasing strength. 
further separate the “oil” (hexane-soluble) into aliphatic, aromatic and polar 
fractions. 
microscopy to determine which are actively fluorescent. 

In order to study the development of the mobile phase as a result of 
coalification, and the associated changes in secondary fluorescence and 
thermoplastic behavior, a suite of 14 coals was tested. The spectral fluorescence 
characteristics of the vitrinite, yield of chloroform-soluble material, and the 
Gieseler fluidity of all these coals have been measured. 

Huminite/vitrinite fluorescence can be 
Primary vitrinite 

It is the secondary vitrinite fluorescence, within the 

Although the fluorescence of all coal macerals has been the subject of 

Teichmuller(3-4), has attributed the secondary fluorescence of vitrinite 

One is considered to be a 
The other, 

In the present work, coal extracts have been obtained by a series of Soxhlet 
HPLC has been used to 

Each component and fraction was examined by reflected blue-light 

EXPERIMENTAL 

Coal Samples 

The fourteen coals used in these experiments were obtained from the Penn State 
Coal Sample Bank; they had been stored in a nitrogen atmosphere at minus 20 mesh 
size. Table I lists some compositional data for these coals. 
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Table 1 

Sol vent E x t r a c t i o n  and F r a c t i o n a t i o n  

Coal samples were ground t o  minus 60 mesh i n  a g love box i n  which a f l o w  o f  
n i t rogen was mainta ined.  Mois ture was removed a t  60" C ove rn igh t  i n  a vacuum oven. 
Approximately 5 g o f  d r i e d  coal  samples were ex t rac ted  f o r  48 h i n  a Soxhlet  
apparatus fed w i t h  a stream o f  n i t rogen .  
vacuum d r i e d  f o r  12 h t o  remove any so lvent .  
progress ive so l ven t  e x t r a c t i o n  and f r a c t i o n a t i o n  scheme employed. 
ch loroform ex t rac t i ons  were performed a t  the so l ven t  b o i l i n g  po in ts ;  the chloroform 
so lub le  f r a c t i o n  was then  separated i n t o  the  o i l  and asphaltene f r a c t i o n s  w i t h  
hexane a t  room temperature. 

The HPLC f r a c t i o n a t i o n  o f  the " o i l "  was performed w i t h  a Waters Associates '  
instrument equipped w i t h  a semi-preparative Whatman column ( P a r t i s i l  Magnum 9/50 
PAC). 
Separation o f  t h ree  f r a c t i o n s  i s  based on the absorbance response detected (F ig .  2 ) .  
The a l i p h a t i c  and aromat ic  f r a c t i o n s  were the f i r s t  two f r a c t i o n s  t o  be e lu ted,  i n  
t h a t  order. F i n a l l y ,  by us ing the back f l u s h  va l ve  and e l u t i n g  a small amount of 
methylene ch lo r i de ,  t he  p o l a r  f r a c t i o n  was c o l l e c t e d  from the column. 

Fluorescence Microscopy 

MPV-I1 microscope system equipped w i t h  the f o l l o w i n g  accessories: 

The r e s u l t i n g  e x t r a c t s  and res idues were 
F ig.  1 i s  a f l o w  c h a r t  o f  t h e  

Py r id ine  and 

The o i l  was d i sso l ved  i n  hexane and i n j e c t e d  i n t o  the sample loop. 

The f luorescence examinations and measurements were performed w i t h  a L e i t z  

i) HBO 100-watt u l t r a - h i g h  pressure mercury lamp; 

LG515 f i l t e r  f o r  q u a l i t a t i v e  examination and a BP340-380/RKP400 
LP430 f i l t e r  f o r  q u a n t i t a t i v e  measurement; 

ii) Ploempak 2.1 v e r t i c a l  i l l u m i n a t o r  w i t h  a BD 390-490/RKP510 

iii) Double g r a t i n g  monochromator; 
i v )  Water-cooled, broad spec t ra l  response photomul t i p 1  i e r ;  and 
v )  C a l i b r a t i o n  tungsten lamp, 12v, 100 wat t ,  c o l o r  temperature 3200K. 

Data were processed w i t h  a PDP 11/02 computer. A l l  measured spect ra were 

This  c o r r e c t i o n  permi ts  compensation f o r  any o p t i c a l  

corrected p r i o r  t o  a n a l y s i s  f o r  both system v a r i a t i o n  and background in te r fe rence .  
System v a r i a t i o n  was determined by measuring the  d e v i a t i o n  from the  known spectrum 
Of  the c a l i b r a t i o n  lamp. 
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I 

distortion within the system. 
object, in this case fusinite, are employed to reduce the influence of the immersion 
oils' self-fluorescence and fluorescence interference from the epoxy resin binder. 
Corrected spectra were all adjusted to values of relative intensity. 
electrical and optical configurations were employed for each sample series to 
provide comparable results. For final comparisons o f  spectral fluorescence, the 
spectra were normalized to 100% maximum fluorescence intensity. 

To prepare the coal extracts and fractions for microscopic study, they were 
redissolved at low concentration in their corresponding solvents and a drop placed 
on a glass slide. The solvents were removed by drying in a flow of nitrogen. 
cover slips were placed over the dried specimens for reflected blue-light study 
under oil immersion. 
into pellets with epoxy resin prior to polishing according to the ASTM proce- 
dure( 11). 

Gieseler Fluidity 

plastometer(l2). 
cylinder. 
at 3"C/min. 
samples a torque of 20 g-in. was used rather than the standard 40 g-in. 
mN/m) . 

Background measurements taken from a non-fluorescing 

Identical 

Glass 

Raw coals and the pyridine-insoluble fractions were molded 

The fluid behavior of the coal samples was tested with an automated Gieseler 
For each run, 5 g of minus 40 mesh coal was packed into the 

The cylinder assembly was heated in a solder bath and heated from 330°C 
Because of the very high fluidity displayed by some Lower Kittanning 

(9.96 

THE ORGANIC CHEMISTRY OF FLUORESCENCE 

Aliphatic Compounds 

Saturated 
hydrocarbons like ethane, hexane and cyclohexane and simple unsaturated hydrocarbons 
like ethylene display no visible or ultraviolet fluorescence(l3). All electrons in 
aliphatic compounds are either very tightly bound or are involved in sigma bonding. 
The absorption of ultraviolet energy by a saturated molecule usually results in bond 
dissociation. 
these, the non-bonding electrons on the carbonyl oxygen can be excited to 
antibonding C=O 71 orbitals without severe disru tion of molecular bonding(l4). Some 
polyenes also give a visible fluorescence(l3,15~. 

Aromatic Compounds 

conjugated systems, in which there are electrons less strong1 
molecule than sigma electrons, and heteroatoms (N, 0, S, etc.!, in which n 
electrons, can be promoted to antibonding orbitals by absorption of excitation 
energy. 

vitrinite is largely composed, can be subdivided into linearly and nonlinearly 
condensed aromatics. Linearly condensed aromatics are those in which benzene rings 
are fused in a straight chain; their fluorescence displays an increasing wavelength 
with increase in the number of rings and of conjugated double bonds(l5). 
brought about by a decrease in the energy difference between the lowest excited 
state and the ground state. The fluorescence generated decreases markedly for 
aromatic hydrocarbons containing more than three phenyl rings in a straight chain. 
Nonlinearly condensed aromatics generally do not follow this trend. 
fluorescence is very dependent on molecular configuration. 
that the fluorescence is at longer wavelengths in compounds containing larger ring 
systems, although there are some exceptions(l6). 

Very few aliphatic and saturated cyclic organic compounds fluoresce. 

Important exceptions are the aliphatic aldehydes and ketones; in 

The majority of fluorescing organic compounds are those possessing large 
bound within the 

Hence, the aromatics and polars should be our main concerns. 

Most aromatic compounds are fluorescent. The condensed aromatics, of which 

This is 

Their 
But it is generally true 
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Polar  Compounds 

a re  f l uo rescen t  most ly  because o f  the ex is tence o f  n e lec t rons  i n  heteroatoms o r  
po la r  f unc t i ona l  groups (-SH, -OH, -NH ). The f luorescence o f  aromatic hydrocarbons 
i s  usua l l y  a l t e r e d  by r i n g  s u b s t i t u t i o k .  The s u b s t i t u t i o n  o f  these p o l a r  f unc t i ona l  
groups o r  heteroatoms o n t o  the aromatic molecule u s u a l l y  causes a s h i f t  i n t o  longer 
wavelengths( 13-15). Consequently, these compounds genera l l y  f l uo resce  i n  a longer  
wavelength regime than the  corresponding aromatic molecules. 

Polar  compounds which are de r i ved  from aromatic hydrocarbons by s u b s t i t u t i o n  

FLUORESCENCE OF THE VITRINITE EXTRACTS AND FRACTIONS I 

HPLC Fract ions 

A l i p h a t i c s :  As observed under the microscope, t h i s  f r a c t i o n  i s  mos t l y  
non-f luorescent. A l i p h a t i c  compounds u s u a l l y  have a f luorescence quantum y i e l d  
( d e f i n e d  accord ing t o  Becke r ( l 6 )  as the quanta emi t ted  per  e x c i t i n g  quantum 
absorbed) o f  zero, because o f  t he  types o f  e l e c t r o n  bonding described above. 
However, a small  p o r t i o n  o f  t h i s  f r a c t i o n  d i sp lays  a f luorescence which has a 
spec t ra l  peak a t  450 nm o r  below and decreases p rog ress i ve l y  a t  longer  wavelengths 
(F ig .  3 ) .  
a l though the  i n t e n s i t i e s  are q u i t e  d i f f e r e n t .  
the f luorescence o f  t h i s  small  p o r t i o n  o f  the a l i p h a t i c  f r a c t i o n :  

i )  a l i p h a t i c  aldehydes o r  ketones; 

The spec t ra l  d i s t r i b u t i o n  i s  very  s i m i l a r  t o  t h a t  o f  the aromatics, 
Several p o s s i b i l i t i e s  may account f o r  

ii) a l i p h a t i c  polyenes; 
iii) aromatic i m p u r i t i e s  r e s u l t i n g  from imper fect  f r a c t i o n a t i o n .  

f luorescence spectrum has a peak a t  450 nm o r  j u s t  below and decreases i n  i n t e n s i t y  
w i t h  i nc reas ing  wavelength (F ig .  3 ) .  

i nc lude :  
10-benzo-phenanthrene; 9, 10-dihydroanthracene; 2, 3-dimethylnaphthalene and 
1-phenylheptane( 17). 
( f luorene,  anthracene and naphthalene) as w e l l  as t h a t  o f  chrysene have been 
repor ted by Hagemann and Ho l l e rbach ( l8 ) .  
wavelengths, from 430 t o  450 nm, and have a s i m i l a r  d i s t r i b u t i o n  t o  those o f  
coal -der ived aromatics. I t i s  suggested t h a t  t he  aromat ic  f r a c t i o n s  obta ined i n  the 
present  s tudy are composed o f  s i m i l a r  molecules; the ac tua l  spect ra represent  the 
over lapping f luorescence responses o f  such compounds. 

f luoresc ing.  Although the  spectrum i n  t h i s  p a r t i c u l a r  case (F ig .  3 )  i s  doubly 
peaked, o the r  coals have y i e l d e d  d i s s i m i l a r  spect ra.  The f i r s t  peak here occurs a t  
490 nm, and the  second, which i s  the maximum, a t  660 nm. A c lose  s i m i l a r i t y  e x i s t s  
between the spec t ra l  d i s t r i b u t i o n  o f  t h i s  f r a c t i o n  and t h a t  o f  the o i l  from which 
the po la rs  a re  de r i ved  (F ig .  4 ) .  The peaks f o r  the p o l a r  f r a c t i o n  occur a t  30 nm 
h igher ,  and the  maximum i s  a t  t he  longer  wavelength. 

Oil (hexane so lub le )  

occurs a t  460 nm, and a second peak a t  627 nm (F ig .  4 ) .  
pos i t i ons  t o  a longer  wavelength i n  the  case o f  the p o l a r  f r a c t i o n  may be due t o  the 
subs tan t i a l  absence o f  aromat ic  substances which have f luorescence peaks a t  very  
sho r t  wavelengths. 
onto the aromatic s t r u c t u r e  can r e s u l t  i n  a r e d  s h i f t  o f  the spectrum. 

Aromatics: This f r a c t i o n  i s  very h i g h l y  and a c t i v e l y  f l uo rescen t .  The 

Compounds which have been used as standards f o r  HPLC f r a c t i o n a t i o n  o f  aromatics 
f luorene;  naphthalene; phenanthrene; 3,4-benzo-(a)-pyrene; 9 ,  

The spec t ra l  f luorescence o f  some o f  these compounds 

These spectra a l so  peak a t  s h o r t  

Polars :  L i ke  t h e  aromatics, t h i s  f r a c t i o n  i s  a l s o  very h i g h l y  and a c t i v e l y  

The f luorescence spectrum o f  t h i s  component a l s o  i s  doubly peaked; the maximum 
The s h i f t  o f  the peak 

As mentioned e a r l i e r ,  s u b s t i t u t i o n  o f  p o l a r  f unc t i ona l  groups 
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i 

, 

i 

Asphaltene (hexane inso lub le )  

f r a c t i o n  are r e l a t i v e l y  more condensed than those i n  the  o i l  f r a c t i o n ;  hence, t h e i r  
fluorescence spect ra peak a t  longer  wavelengths. 

Y-Fract ion (ch loroform so lub le )  

concentrat ions.  A t  l e a s t  t h ree  d i f f e r e n t  f luorescence e n t i t i e s  can be recognized 
(F ig.  5) .  The wavelengths o f  the maximum f luroescence i n t e n s i t i e s  o f  these th ree  
t n t i t i e s  are 562, 627 and 698 nm. E n t i t i e s  1 and 2 appear t o  correspond t o  the 

o i l " ,  and e n t i t y  3 ,  whose spectrum peaks a t  a l onger  wavelength, appears t o  be 
composed o f  asphal tene-1 i k e  ma te r ia l  according t o  t h e i r  f luorescence 
c h a r a c t e r i s t i c s .  

The spectrum f o r  t h i s  f r a c t i o n  peaks a t  690 nm (F ig .  4). The aromat ics i n  t h i s  

Th is  component has a heterogeneous f luorescence even a t  very  small  

@Frac t i on  (ch loroform inso lub le  f r a c t i o n  o f  p y r i d i n e  s o l u b l e s l  

The f luorescence o f  t h i s  f r a c t i o n  has a ve ry  s i m i l a r  spec t ra l  d i s t r i b u t i o n  t o  
those o f  the unt reated v i t r i n i t e  and the  p y r i d i n e  e x t r a c t s  and residues, bu t  has a 
lower i n t e n s i t y  (F ig .  6) .  
removal o f  ch loroform-solub le ma te r ia l s ,  which a re  a c t i v e l y  f l uo rescen t .  The 
B- f rac t i on  i s  p r i m a r i l y  composed o f  r e l a t i v e l y  more condensed aromatics, which may 
have been der ived from the  network d i s i n t e g r a t i o n .  

The lower  i n t e n s i t y  probably  can be a t t r i b u t e d  t o  the  

a -F rac t i on  ( p y r i d i n e  i n s o l u b l e )  and Pyr id ine-Soluble F r a c t i o n  

These two f r a c t i o n s  and the V i t r i n i t e  i n  the  unext racted coal  have very s i m i l a r  
spec t ra l  d i s t r i b u t i o n s  (Fig. 6) .  Th is  i s  cons i s ten t  w i t h  the r e s u l t s  t h a t  p y r i d i n e  
e x t r a c t s  are chemical ly  s i m i l a r  o r  i d e n t i c a l  t o  the py r id ine - inso lub le  residue; the 
nature o f  these two f r a c t i o n s  c l o s e l y  resemble t h a t  o f  t he  pa ren t  c o a l ( l 9 ) .  

V i  t r i n i  t e  

The spectrum o f  t h i s  maceral i s  ve ry  s i m i l a r  t o  t h a t  o f  t he  p y r i d i n e  e x t r a c t  
and res idue as discussed above (F ig.  6) .  
f luorescence i n t e n s i t y  between the  unt reated v i t r i n i t e  and the  p y r i d i n e  e x t r a c t  and 
res idue which are n o t  f u l l y  understood. 

The Aromatic Network 

The f luorescence o f  t h i s  phase cannot be d i r e c t l y  i nves t i ga ted  because o f  our  
i n a b i l i t y  t o  completely separate the mobi le  phase from the aromatic network system 
w i thou t  modi fy ing the s t r u c t u r e  o f  t he  l a t t e r .  
evidence suggest t h a t  t he  network system i s  too  condensed t o  show v i s i b l e  
f luorescence i n  coals  beyond the subbituminous B stage: 

i )  H u r n i n i t e / v i t r i n i t e  primary f luorescence i s  l o s t  when the  coal rank reaches 
subbituminous C/B stage. 
s t ruc tu re ,  f o r  example t h a t  de r i ved  from l i g n i n ,  would be too condensed t o  
have a v i s i b l e  f luorescence, 

ii) More condensed aromatics genera l l y  have a r e l a t i v e l y  low f luorescence 
i n t e n s i t y  and a longer  wavelength o f  maximum f luorescence i n t e n s i t y ,  

iii) High ly  aromatized systems such as f u s i n i t e ,  a n t h r a c i t i c  macerals and coals  
carbonized a t  temperatures g rea te r  than 500-600°C do n o t  v i s i b l y  
f luoresce,  

reg ion  and decreases i n  i n t e n s i t y  w i t h  increased cok ing temperature. 

There are, however, d i f f e r e n c e s  i n  

Fu r the r  s tud ies  are being conducted. 

The f o l l o w i n g  i n d i r e c t  l i n e s  o f  

Th is  i nd i ca tes  t h a t  any i n h e r i t e d  chemical 

i v )  The f luorescence o f  coked anthracene s h i f t s  i n t o  the  l onger  wavelength 
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FLUORESCENCE CHARACTERISTICS AND FLUID BEHAVIOR OF A COAL RANK SUITE 

V i t r i n i t e  primary f luorescence i s  l o s t  as the rank increases beyond 
subbituminous C/B stage. 
develop, the i n t e n s i t y  o f  which increases up t o  the h igh  v o l a t i l e  A bituminous stage 
(ca. 0.9% Ro max). 
Th is  t rend  f o r  v i t r i n i t e  f luorescence corresponds t o  changes i n  the  y i e l d  o f  
ch loroform e x t r a c t s  and the maximum G iese le r  f l u i d i t y  d isp layed by the  coals  
(F ig .  7).  

been b u i l t  up. 
r e s u l t e d  from: 

A t  t h i s  stage, the secondary f luorescence begins t o  

Beyond t h i s  rank, f luorescence i n t e n s i t y  decreases markedly(4). 

Wi th in  the  sub C/B-hvAb range j u s t  discussed the p ropor t i on  o f  mobi le  phase has 
Poss ib le  c o n t r i b u t i o n s  t o  the development o f  t h i s  mobile phase have 

i )  o l i gomer i za t i on  associated w i t h  the network po lymer izat ion,  
i i )  m ig ra t i on  o f  pe t ro leum- l i ke  substances der ived from l i p t i n i t e s  and l i p o i d  

A t  h igh v o l a t i l e  A bituminous rank, where secondary f luorescence, ch loroform 

substances(3-4). 

y i e l d  and f l u i d i t y  a l l  reach a maximum l e v e l ,  the wavelength o f  maximum fluorescence 
has been s h i f t e d  i n t o  t h e  i n f r a r e d  reg ion(4) .  A t  h ighe r  ranks, t he  maximum 
i n t e n s i t y  i n  the  v i s i b l e  reg ion decreases (F ig.  7 ) .  Th is ,  and the associated 
decreases i n  ch lo ro fo rm y i e l d s  and f l u i d  behavior i s  r e l a t e d  t o  the  gradual crack ing 
o f  t he  mobile phase i n t o  gaseous products  t h a t  accompanies aromatic condensation. 
These conclusions are c o n s i s t e n t  w i t h  t h e  observat ion t h a t  the f luorescence o f  
ch loroform e x t r a c t s  undergoes a r e d  s h i f t  w i t h  increas ing rank( 18). 

bituminous rank (above 1.8% Ro max)(4). 
behavior and a ve ry  low ch lo ro fo rm e x t r a c t i o n  y i e l d .  

The v i s i b l e  f luorescence o f  v i t r i n i t e  i s  f i n a l l y  l o s t  a t  low v o l a t i l e  
This  corresponds t o  a l oss  o f  f l u i d  

SUMMARY AN0 CONCLUSIONS 

V i t r i n i t e  can be considered t o  be composed o f  two phases: a mobile phase and a 
network phase (F ig .  8). 
aromatics, p o l a r  groups and a smal l  p ropor t i on  o f  a l i p h a t i c  groups. These f r a c t i o n s  
absorb e x c i t a t i o n  energy and emi t  a p a r t  o f  t h i s  energy as f luorescence. 
f luorescence spect ra o f  these separate f r a c t i o n s  are very d i f f e r e n t  from those where 
they are combined i n  a complex system l i k e  v i t r i n i t e .  
i n t ramo lecu la r  and in te rmo lecu la r  i n t e r a c t i o n  between the f 1 uoresc i  ng molecules and 
the molecules i n  the  network environment. Th i s  i n t e r a c t i o n  can cause a c e r t a i n  
degree of f luorescence quenching. As a r e s u l t  the f luorescence o f  v i t r i n i t e  has a 
much lower i n t e n s i t y  and a l onger  wavelength than those o f  the mobile phase 
f rac t i ons  which i t  conta ins.  So, the aromatic network system, which ac ts  as the 
host  f o r  the f l uo resc ing  molecules i n  t h e  mobi le  phase, though n o t  a c t i v e l y  
f luorescent  i n  the  v i s i b l e  reg ion,  i n f l uences  the o v e r a l l  v i t r i n i t e  f luorescence 
character. 

maximum development of v i t r i n i t e  secondary f luorescence, and i s  a l s o  mani fested i n  
optimum chloroform e x t r a c t i o n  y i e l d s  and f l u i d  behavior. 

The mobi le  phase conta ins a c t i v e l y  and h i g h l y  f l uo rescen t  

The 

This  i s  because o f  both 

The bu i l d -up  o f  t he  mobi le  phase i n  the bituminous rank range r e s u l t s  i n  the 

LITERATURE CITED 

1. Ottenjann, K., Wolf, M. and Wol f f -F ischer ,  E . ,  Proc. I n t .  Conf. Coal Sci. ,  I n t .  
Energy Agency, 86-91(1981). 

2. Ottenjann, K., Wolf, M. and Wolff-Fischer, E., Gluckauf-Forschungshefte 43, 
H.4, 2( 1982). 

320 



3. Teichmuller, M., "Fluoreszenzmicroscopische Anderungen von Liptiniten und 
Vitriniten mit zunehmendem Inkohlungsgrad und ihre Beziehungen zu 
Bitumenbildung und Verkokungsverhal ten", Geol . Landesamt Nordrhein-Westfalen, 
Krefeld (1982). 

4. 

5. 

Teichmuller, M. and Durand, B., Int. J. Coal Geol. 2, 197(1983). 
Wolf, M., Wolff-Fischer, E., Ottenjann, K. and Hagemann, H.-W., Prepr. Meet. 
36th Int. Corn. Coal Petrology, Comnission 3, Oviedo, 14pp. (1983). 

Given, P.H. and Oerbyshire, F.J.. The Mobile Phase in Coals: Its Nature and 
Modes of Release, Tech. Rep. No. DOE-PC-60811-1,2 from the Penn State Univ. to 
U.S. Oep. Energy under Contract No. DE-FE22-83PC60811, (1984). 

Green, T., Kovac, J., Brenner, D. and Larsen, J.W., in "Coal Structure" (Ed. 
R.A. Meyers), Academic Press, New York, 199-282 (198n. 

Larsen, J.W., in "Chemistry and Physics of Coal Utilization" (Eds. B.R. Cooper 
and L. Petrakiq. Am. Inst. Phys., New York, 1-27 (1980). 

Lucht, L.M. & Peppas, N.A., in "Chemistry and Physics o f  Coal Utilization" 
(Eds. B.R. Cooper and L. PetEkis), Am. Inst. Phys., New York, 28-48 (1980). 

Lucht, L.M. & Peppas, N.A., Am. Chem. SOC. Symp. Ser. 169, 43 (1981). 
American Society for Testing and Materials (ASTM), Annu. Book ASTM Stand. 5.05, 
378 (1984). 

12. American Society for Testing and Materials (ASTM), Annu. Book ASTM Stand. 5.05, 
355 (1984). 

13. Forster, T., "Fluoreszenz Organischer Verbindungen", Vandenhoeck & Ruprecht, 
Gottingen (1951). 

14. Wehry, E.L., in "Fluorescence: Theory, Instrumentation and Practice" (Ed. 
G.G. Guilbaulg, M. Dekker, New York, 37-132 (1967). 

15. Pringsheim, P., "Fluorescence and Phosphorescence", Interscience, New York 
(1949). 

Becker, R.S., "Theory and Interpretation of Fluorescence and Phosphorescence", 
John Wiley & Sons, New York (1969). 

Neill, P.H. and Given, P.H., The Dependence of Liquefaction Behavior on Coal 
Characteristics Part VI: 
High Sulfur Coals to Chemical Structural Characteristics, Tech. Rep. No. 
OOE/PC/40784-T4 from the Penn State Univ. to U.S. Oep. Energy under Contract 

Hagemann, H. & Hollerbach, A., in "Geology o f  Coal, Oil Shales and Kerogen" 
(Ed. Bull. Centres Rech. Exp1or.-Prod. Elf-Aquitaine) 5, 637-650 (1981). 
Pullen, J.R., in "Coal Science", 2. (Eds. M.L. Gorbaty, J.W. Larsen and I. 
Wender) , Acadezc Press, New York, 173-228 (1983). 
Neavel, R.C., in "Coal Science", 1, (Eds. M.L. Gorbaty, J.W. Larsen and I. 
Wender), Acadezc Press, New York, 1-19 (1982). 

6. 

7. 

8. 

9. 

10. 

11. 

16. 

17. 
Relationship o f  Liquefaction Behavior o f  a set of 

NO. DE-AC22-81-PC-40784 (1984). 

18. 

19. 

20. 

321 



B m 
VI 0 .- 
c 

P 
U 

VI 
0 

m c 
.- - 
n 
a .- 

322 



t 

- 
a2 e 

20 - 

0 

t 

/ 
/ 

/ 
/ 

/ 
-f I I I I I 

i 

- 
a2 e 

20 - 

100 

/ 
/ 

/ 

20 

/ I /  

0 

0 

- 
1 1 

450 500 550 600 650 700 
Wavelength (nm) 

Figure 3. Fluorescence Spectra of HPLC Fractions 

y-  I I I I I 

Asphaltene,,/ /1 

323 



100 

700 - 

600 - 

500 - 

80 

ap 

450 500 550 600 650 700 
Wavelength (nm) 

Figure 5. Fluorescence Spectra of Three Entities in Y -fraction 

f i  Untreated vitrinite 

100 

0 LP -fraction 

450 500 550 600 650 7do 
Wavelength (nm) 

Figure 6. Fluorescence Spectra of Untreated Vitrinite, Pyridine Solubles, 
a -fraction and B-fraction 

I I I I 

324 



0 0 0 0 0 -  
0 0 0 0 -  
g o " = -  
z -  

0 

h 
0 

3 

325 



A Study of C a t a l y t i c  Coal L i q u e f a c t i o n  i n  t h e  Absence of Solvent  

F. J. Derbyshi re ,  A. Davis ,  R. L i n ,  P. C. S tansber ry ,  
and M-T. T e r r e r  

Fuel Sc ience  Program 
The Pennsylvania  S t a t e  Univers i ty  

U n i v e r s i t y  Park ,  PA 16802, USA 

Abs t rac t  

I n  a t tempt ing  t o  g a i n  i n s i g h t  i n t o  the r e a c t i o n s  involved i n  c o a l  l i q u e f a c t i o n  
and t h e i r  r e l a t i o n s h i p  t o  c o a l  s t r u c t u r e ,  an approach has  been adopted in which 
c o a l s  a r e  r e a c t e d  o n l y  wi th  hydrogen g a s  in t h e  presence  oE an impregnated 
molybdenum c a t a l y s t .  
c h a r a c t e r i z e d  i n  terms of t h e  y i e l d s  of l i g h t  g a s e s  and chloroform-soluble  e x t r a c t s .  
The composi t ion of t h e  l a t t e r  h a s  been examined by a number of a n a l y t i c a l  
techniques.  The e x t e n t  of conversion h a s  been measured a s  a f u n c t i o n  of t ime and 
temperature .  Unlike l i q u e f a c t i o n  in a s o l v e n t  medium, conversion i n c r e a s e s  
p r o g r e s s i v e l y  wi th  r e a c t i o n  t i m e .  Cons is ten t  wi th  o t h e r  r e s e a r c h ,  t h e  molybdenum 
should be p r e s e n t  i n  t h e  s u l f i d e d  form f o r  high a c t i v i t y .  
unext rac ted  c o a l  samples  were examined by r e f l e c t e d  f l u o r e s c e n t  l i g h t  microscopy. 
The v i t r i n i t e  f l u o r e s c e n c e  was  found t o  c o r r e l a t e  wi th  the  y i e l d  of 
chloroform-soluble  e x t r a c t  and, e s s e n t i a l l y ,  t o  o r i g i n a t e  from t h e s e  m a t e r i a l s .  
This microscopic  technique  provided a d i r e c t  v i s u a l  observa t ion  of t h e  chemical  
changes t a k i n g  p l a c e  w i t h i n  t h e  c o a l  s t r u c t u r e .  

The products  from r e a c t i o n  a t  400°C and lower have been 

Following r e a c t i o n ,  

I n t r o d u c t i o n  

Ear ly  p r o p o s i t i o n s  concern ing  t h e  s t r u c t u r e  of have formed t h e  b a s i s  
f o r  the  development of a concept  i n  which c o a l  is considered as a three-dimensional  
macromolecular network c o n t a i n i n g  lower molecular  weight s p e c i e s  ( t h e  s - c a l l e d  
mobile phase)  accommodated i n  open, c losed  o r  p a r t i a l l y  closed  pore^.^-^ We have 
i n i t i a t e d  r e s e a r c h  t o  i n v e s t i g a t e  t h i s  concept  and have adopted an approach used by 

5 o t h e r  workers in c o a l  l i q u e f a c t i o n  s t u d i e s .  To avoid compl ica t ions  i n  d a t a  
i n t e r p r e t a t i o n  only  d r y  c o a l ,  hydrogen and c a t a l y s t  were changed t o  t h e  r e a c t o r .  

In t h e  p r e s e n t  r e s e a r c h ,  c o a l  samples have been impregnated wi th  molybdenum 
sal ts  and r e a c t e d  in t u b i n g  bombs a t  t empera tures  up t o  4OO0C, t h e  o b j e c t i v e  be ing  
t o  a t tempt  t o  conver t  t h e  macromolecular s t r u c t u r e  i n t o  a s o l u b l e  form whi le  
minimizing condensa t ion  and c r a c k i n g  r e a c t i o n s .  

Experimental 

C a t a l y t i c  Hydrogenat ion 

Samples of a h i g h - v i t r i n i t e  hvAb c o a l  from t h e  Lower K i t t a n n i n g  seam were 
obtained undried as lumps 12 mm top s i z e  from t h e  Penn S t a t e  Coal Sample Bank 
(PSOC-1266). P r o p e r t i e s  of t h e  c o a l  a r e  shown i n  Table  1. The c o a l  was crushed in 
a glove box under oxygen-free n i t r o g e n  t o  0.8 mm top  s i z e  and a number of 
approximately 20 g r e p r e s e n t a t i v e  s p l i t s  were s e a l e d  in v i a l s  wi thout  drying.  

The procedure f o r  c a t a l y s t  impregnat ion was t o  mix a sample of c o a l  wi th  the  
q u a n t i t y  of ammonium heptamolybdate ,  (NH ) Mo 0 4H 0 (suppl ied  by c o u r t e s y  o f  t h e  
Climax Molybdenum Co. ) necessary  t o  give4tf?e ~e~$;ed2molybdenum loading ,  and 
s u f f i c i e n t  de ionized  water  t o  form a t h i c k  s l u r r y .  
min a t  room tempera ture  and t h e  excess  water  was then removed i n  a vacuum d e s i c c a t o r  
overnight .  

The mixture  was s t i r r e d  f o r  30 

326 



\ 
For some exper iments ,  t h e  ammonium molybdate s o l u t i o n  was f i rs t  conver ted  t o  

one of ammonium t e t r a th iomolybda te  by bubbl ing  through H S a t  room tempera ture .  
Impregnation wi th  t h i s  s a l t  should l ead  d i r e c t l y  60 t h e  $ormation of XoS which i s  
cons idered  t o  be the  a c t i v e  form of the  c a t a l y s t .  2 

Hydrogenations were c a r r i e d  ou t  i n  tub ing  bomb r e a c t o r s .  The gaseous  products  
were analyzed by gas  chromatography t o  de te rmine  the  y i e l d s  of CO,  CO 
hydrocarbons.  
i n t o  chloroform-soluble and ch oroform-insoluble f r a c t i o n s .  The procedure has  been 
desc r ibed  i n  d e t a i l  e l sewhere .  

and C1-C4 , 

The nongaseous r e a c t i o n  products  were sepa ra t ed  by S o x i l e t  e x t r a c t i o n  

3 
Fluorescence  Microscopy 

Samples of hydrogenated unext rac ted  c o a l s ,  t he  chloroform-soluble e x t r a c t s  and 
ch loroform-insoluble  r e s i d u e s  were examined us ing  s p e c t r a l  f l uo rescence  photometry. 
D e t a i l s  of t h e  sample p repa ra t ion  and the  exper imenta l  arrangement have been 
desc r ibed .  

Resu l t s  and Discuss ion  

a 

Product Y ie lds  

The y i e l d s  of gaseous  and ch loroform-soluble  p roduc t s  from d ry  c a t a l y t i c  
hydrogenation a t  d i f f e r e n t  tempera tures  a r e  summarized i n  Table  2. 
ch loroform-soluble  e x t r a c t  from the  unreac ted  c o a l  was 2.0% dmmf. The mass ba lances  
were obta ined  from t h e  d i f f e r e n c e s  between the  combined y i e l d  of gas  and l i q u i d s ,  
c a l c u l a t e d  from the  weight o f  i n s o l u b l e  r e s i d u e ,  and the  sum of the  g a s  and e x t r a c t  
y i e l d s  determined exper imenta l ly .  In cons ide r ing  the  i n s o l u b l e  r e s idue  i t  was 
assumed t h a t  t h e  molybdate s a l t  had been conver ted  t o  Moo3 a l though some of t he  
molybdenum probably exists as MoS .9 
t h i s  assumption i s  less than  1%. 'As t he  e x t r a c t  y i e l d  i n c r e a s e s  s o  does the  mass 
ba lance  d e f i c i t ,  sugges t ing  t h a t ,  a t  h igh  e x t r a c t  y i e l d s ,  p ropor t iona te ly  more 
low-boiling l i q u i d s  a r e  produced by r e a c t i o n  and l o s t  du r ing  product work-up. 

The y i e l d  of 

The p o t e n t i a l  e r r o r  i n  convers ion  a r i s i n g  from 

I n  a l l  cases  the  gas  y i e l d s  were low, the  maximum t o t a l  be ing  2.38% dmmf coa l .  
Carbon d iox ide  was de t ec t ed  i n  a l l  r e a c t i o n s  and i t s  y i e l d  inc reased  wi th  r eac t ion  
temperature.  
hydrocarbons were not  de t ec t ed .  
i n v e s t i g a t e d ,  t he re  w a s  a sha rp  i n c r e a s e  i n  e x t r a c t  y i e l d ,  which was accompanied by 
a change i n  c o a l  p a r t i c l e  morphology; t he  p a r t i c l e s  l o s t  t h e i r  o r i g i n a l  shape and 
tended t o  form s t i c k y  agglomerates.  

The e x t r a  t s  were cha rac t e r i zed  by e l emen ta l  a n a l y s i s ,  h igh  r e s o l u t i o n  mass 
spec t romet ry ,  'H n.m.r. and Four i e r  Transform I n f r a r e d  Spectroscopy. Reac t ion  i n  
the  presence  of c a t a l y s t  produced a h ighe r  concent ra ion  of mono-aromatic phenols 
than would o therwise  be produced, sugges t ing  t h a t  one of  the  c a t a l y s t  func t ions  
involves  e t h e r  cleavage. In  g e n e r a l ,  however, no  major composi t iona l  changes were 
observed a s  the  y i e l d  increased  from 2.0 t o  over  30% of  dmmf coa l .  Th i s  i s  n o t  t o  
s t a t e  t h a t  t he  products  a r e  s i m i l a r  a t  a l l  l e v e l s  of convers ion  o r  t h a t  impor tan t  
changes are no t  occur r ing .  A s  more of the c o a l  i s  conver ted  t o  s o l u b l e  form. 
composi t iona l  d i f f e r e n c e s  i n  success ive  convers ion  increments  w i l l  be d i f f i c u l t  t o  
d e t e c t  because of the  weight ing  e f f e c t  of the  m a t e r i a l  which has  a l r eady  been 
conver ted  t o  s o l u b l e  form. 

Methane w a s  on ly  found i n  d e t e c t a b l e  q u a n t i t i e s  a t  40OoC; h ighe r  
Above about 350°C, under the  cond i t ions  

The e x t r a c t  y i e l d s  obta ined  us ing  t h e  ammonium hept fEolybdate  s a l t  a r e  
s u b s t a n t i a l l y  lower than  those  r epor t ed  i n  e a r l i e r  work. One of the  more l i k e l y  
r easons  f o r  t h i s  behavior  is t h a t  on ly  a f r a c t i o n  of Mo i s  conver ted  t o  MoS by 
r e a c t i o n  with s u l f u r  i n  the  coa l .  
ammonium t e t r a th iomolybda te  was employed a s  the  c a t a l y s t  p recu r so r .  The product 

To ensure  complete s u l f i d i n g  of t he  metat .  
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y i e l d s  obta ined  from d r y  hydrogenat ion  a t  (rOO°C w i t h  1% Mo loading  a r e  summarized i n  
Table  3 f o r  r e a c t i o n  a t  d i f f e r e n t  t i m e s .  

A comparison o f  t h e  r e s u l t s  ob ta ined  a f t e r  60 min a t  4OO0C, Tables  2 and 3 ,  
shows the much g r e a t e r  e f f e c t i v e n e s s  o f  i n t r o d u c i n g  Mo a s  ammonium 
te t ra th iomolybdate ;  t h e  e x t r a c t  y i e l d  was increased  by about 70% whi le  t h e  Mo 
loading  was  reduced from 5 t o  1%. In o t h e r  experiments  it has been found t h a t  t h e  
a d d i t i o n  of a small q u a n t i t y  of CS 
w a s  equal ly  as e f f e c t i v e  as l o a d i n g  w i t h  t h e  t h i o - s a l t .  

t o  c o a l  impregnated wi th  ammonium heptamolybdate 2 

It can be seen  from Table  3 t h a t  a h i g h  p r o p o r t i o n  of c o a l  can be converted t o  
s o l u b l e  form, wi th  low a t t e n d a n t  gas  make, by r e a c t i o n  wi th  an a c t i v e  d i s p e r s e d  
c a t a l y s t  under c o n d i t i o n s  of much lower s e v e r i t y  than  normally used in l i q u e f a c t i o n  
systems. Conversion i n c r e a s e s  p r o g r e s s i v e l y  with t ime, u n l i k e  so lvent  l i q u e f a c t i o n  
which is u s u a l l y  c h a r a c t e r i z e d  by two regimes;  an i n i t i a l  r a p i d  convers ion  of p a r t  
of t h e  c o a l  fol lowed by a much s lower  conversion r a t e .  The mechanism of 
l i q u e f a c t i o n  by d r y  c a t a l y t i c  hydrogenat ion  is n o t  a t  a11 c l e a r  a l though presumably 
t h e  l i b e r a t e d  l i q u i d s  p lay  an i n t e g r a l  r o l e  in the  conversion of the  remaining c o a l .  

Fluorescence Microscopy 

A s  t h e  temperature  of c a t a l y t i c  hydrogenat ion  was r a i s e d ,  t h e r e  was a n  i n c r e a s e  
in t h e  maximum f l u o r e s c e n c e  i n t e n s i t y  (Irna 
c o a l s .  
F igure  1. 
chloroform-solubles  sugges ts  t h a t  t h e  i n c r e a s e  in f luorescence  is d i r e c t l y  r e l a t e d  
t o  t h e  l i b e r a t i o n  of e x t r a c t a b l e  l i q u i d s ,  which presumably occurs  through breakdown 
of t h e  macromolecular s t r u c t u r e  oE t h e  coa l .  A f t e r  removal of t h e  
chloroform-solubles ,  t h e  r e s i d u e  e x h i b i t e d  only  a low l e v e l  of f luorescence .  

of t h e  v i t r i n i t e  i n  the  unext rac ted  
T h i s  i n t e n s i t y  change c l o s e l y  p a r a ' f l e l s  t h e  i n c r e a s e  i n  e x t r a c t  y i e l d ,  

The c l o s e  correspondence between Imax and t h e  y i e l d  of 

The f luorescence  s p e c t r a  f o r  t h e  hydrogenated v i t r i n i t e s ,  normalized t o  a peak 
i n t e n s i t y  of loo%, show 8 red s h i f t  i n  the  wavelength a t  peak i n t e n s i t y ,  A 
t h e  runs between 350-400 C ,  a s  shown i n  F igure  2. 
i n c r e a s e  in t h e  c o n c e n t r a t i o n  of condensed aromat ics  i n  t h e  e x t r a c t a b l e  l i q u i d s .  

, f o r  
The s h i f t  may c o r r e s p o n t a f o  an 

The f luorescence  s p e c t r a  of t h e  hexane-soluble  (oil) and hexane-insoluble  
( a s p h a l t e n e )  f r a c t i o n s  of the  e x t r a c t  ob ta ined  a t  4OO0C were found t o  be q u i t e  
d i f f e r e n t .  The peak f l u o r e s c e n c e  i n t e n s i t y  of t h e  oil f r a c t i o n  occured a t  about 550 
nm whereas t h a t  f o r  t h e  a s p h a l t e n e  f r a c t i o n  w a s  g r e a t e r  than 700 nm. These 
d i f f e r e n c e s  sugges t  t h a t  t h e  r e d - s h i f t  observed in Amax f o r  t h e  s p e c t r a  of the  whole 
e x t r a c t s  on going from 350-450°C may be  due t o  an i n c r e a s e  i n  a s p h a l t e n e  
c o n c e n t r a t i o n .  

Summary and Conclusions 

D r y  c a t a l y t i c  hydrogenat ion of c o a l ,  us ing  an impregnated Mo c a t a l y s t ,  has  been 
found t o  cons iderably  i n c r e a s e  t h e  y i e l d  of chloroform-soluble  e x t r a c t  a t  
temperatures  of 400°C and l e s s .  
s u l f i d e  form. 
shown t h a t  t h e  i n t e n s i t y  of v i t r i n i t e  f l u o r e s c e n c e  i n c r e a s e s  i n  a p a r a l l e l  manner 
w i t h  e x t r a c t  y ie ld .  In t h e  c o n t e x t  of the  mobile phase-network concept of c o a l  
s t r u c t u r e ,  i t  is cons idered  t h a t ,  a t  h i g h  y i e l d s ,  a cons iderable  p r o p o r t i o n  of the  
chloroform-solubles  is der ived  from t h e  breakdown of t h e  macromolecular s t r u c t u r e .  
The enhanced f luorescence  would cor respond t o  t h e  l i b e r a t i o n  of s m a l l e r  molecular  
f ragments  from a hiRhly c ross - l inked  network. 

For  h i g h  a c t i v i t y  the  ?io should be p r e s e n t  i n  
Examination of t h e  hydrogenated c o a l s  by f luorescence  microscopy has  
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TABLE 1 

COAL PROPERTIES 

Seam 
County 
State 
Province 

ASTM rank class 

Moisture content % wt (a.r.) 
Mineral matter % wt dry coal 

Elemental Composition % dmrnf 

C 
H 
0** 
N 
S 

Sulfur Forms % Dry Coal 

Organic 
Sulfate 
Pyritic 

Maceral Group Analysis % Vol. 

Vi t r ini t e 
Lip t ini te 
Inert init e 

r 

** Determined by low-temperature ashing 

By difference 

330 

PSOC-1266 

L. Kittanning 
Mahoning 
Ohio 
Eastern 

hvAb 

3.4 
6.1 

83.2 
5.0 
8.6 
2 . 1  
1.3 

0.51 
0.02 
0.87 

9 1  
3 
6 



TABLE 2 

PRODUCT YIELDS FROM DRY CATALYTIC HYDROGENATION 
(5% Ha as ammonium heptamolybdate. 1 h, 7 %a 

cold H2 pressure) 

Yields ( X  vt  dmmf coal) 
Reaction Temperature CHC13-soluble1 Yass Balance 

Cas extract Gas+Ex t rac E- ('C) - 
250 COX 0.39 1.5 1.8 100.1 

C1-Ca -- 

300 

350 

COX ,0.52 2.3 
cl-c -- 4 

cox 0.52 8.6 

C1-C4 -- 

5.3 

13.0 

97.5 

96.1 

I/ 
I/ 

400 COX 2.03 31.6 
C1-C4 0.35 

66.5 a7.6 

'De [ermined directly 
'Calculated from CHCl -insoluble residue 3 

'CABLE 3 

PRODUCT YIELDS FROM DRY CATALYTIC HYDROGLUTION 
(1% 30 as ammonium tetrathiomolybdate, 

400'C. 7 XPa cold H2 pressure) 

Yields ( %  w t  d m f  coal) 
Reaction Time CHC13-solublel , !?ass Balance 

Gas' extract Gas+Extract- % - (ruin) 

5 cox 0.11 7.3 4 . 8  102.6 

C1-Cq 0.02 

15 COX 0.31 23.4 

Cl-Cg 0.72 

30 cox 0.81 35.6 
cl-c4 0.78 

60 COX 0.32 53.9 

cl-c4 0.80 

'De [ermined directly 
'Calculated from CHCl -insoluble residue 3 

24.0 

35.8 

60.3 

99.6 

98.8 

94.7 
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Figure 1. Correspondence between yield of chloroform-soluble extract and maximum fluorescence intensity of 
vitrinitc. 

350°C 
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Figure 2 .  Fluorescence speccra of unucracted conla after dry catalytic 
hydrogenation. 
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INTRODUCTION 

Catalytic dehydrogenation i s  an important method f o r  determining the hydro- 
aromatic contents of coals,  coal ex t rac ts ,  and process solvents. Past investiga- 
t ions by others have focused on the dehydrogenation of coal. (1-4) Most of t ha t  
work was conducted w i t h  phenanthridine because i t  i s  a re la t ive ly  good solvent f o r  
coal and, a t  i t s  boiling point,  ca ta ly t ic  dehydrogenation usually proceeds a t  a 
rapid rate.  However. a l i t e r a t u r e  survey carried out by Neuworth has shown tha t  
secondary reactions such a s  those involving oxygenated s t ruc ture  ad a s i  gni f i  - 
quently, i n  the present work, we have attempted to  identify other, lower-boiling 
solvents suitable f o r  dehydrogenation in  order t o  minimize secondary reactions. 

dehydrogenation method and apply i t  t o  investigate the hydroaromatic contents of 
the coal,  coal ex t rac t ,  and process solvent used in  the Integrated Two-Stage 
Liquefaction (ITSL) process. 
materials i s  important i n  order t o  achieve an understanding of the structure of 
these materials and obtain an ins ight  i n to  the chemistry of the process. 
more, ca ta ly t ic  dehydrogenation i s  one of the best ways to  determine the donor 
quali ty o f  a process sol vent. 

EXPERIMENTAL 

cant impact on dehydrogenation resu l t s  a t  elevated temperatures. r !  5 Conse- 

The objective of the work described i n  t h i s  preprint was t o  develop a refined 

Determination of the hydroaromatic contents of these 

Further- 

The desired amount of substrate,  depending on i t s  estimated hydrogen content 

The dehydrogenation system 

(e.g., about 0.25 g for t e t r e l i n ) ,  i s  wei hed in to  a 4041 flask.  
the selected solvent, 0.55 g of ca ta lys t  9 5  w t .  X Pd on CaC03), and a pyrex- 
encased Alnico s t i r r e r  a r e  introduced In to  the flask. 
i s  then assembled a s  described i n  detail  i n  Reference 6. 
to  provide for  automatic data recording. 
in experiments which require overnight operation. 
lection burette a re  made of g lass  t o  minimize diffusion losses of hydrogen. 
sampling i s  provided fo r  by a gas collection port. 

switch. As gas i s  evolved by dehydrogenation of the sample, the small increase in  
pressure actuates the switch. When th i s  occurs, the c i r cu i t ry  i n  the motor/switch 
interface box turns on the motor fo r  a 10-s interval.  The motor i s  connected t o  a 
threaded rod carrying the leveling tube. Rotation of the rod reposit ions the bulb 
t o  balance the pressure increase. The top of the rod i s  attached t o  a 10-turn 
potentiometer through a reducer (48:l)  which reduces the number of turns required 
t o  achieve leveling to  the 10-turn capabili ty of t h e  potentiometer. Fifteen vol t s  
a re  imposed across the potentiometer by a precision power supply located i n  t h e  
motor/switch interface box. By connecting the potentiometer wiper and the neutral 
lead to  the recorder, the output voltage can be employed t o  define the posit ion o f  
the leveling bulb. Consequently. i t  provides a continuous recording of the  gas 
volume w i t h i n  the gas collection tube. 

Next, 7.50 g of 

This system was designed 
Such capabili ty i s  par t icu lar ly  useful 

Connections from the gas col-  
Gas 

Key t o  the unattended operation of t h i s  equipment i s  the mercury pressure 
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Elemental ana lys is  t o  determine C, H, N, S, and 0 content was p e r f o m d  us in  
a Perkin-Elmer Model 240C elemental analyzer. Number-average molecular weights 04 
the d i s t i l l a t e  f r a c t i o n s  were determined using vapor-phase osmometry (VPO) .  The 
molecular weight determinations as we l l  as the elemental analyses were conducted 
by Galbrai th Laboratories, Inc. 

Proton nuclear magnetic resonance (1H NMR) spectra were obtained w i th  a 
JEOL FX-60-9 Four ie r  t ransform NMR spectrometer using an observation frequency o f  
59.79 MHz. 
NMR samples and reference were contained i n  10-m tubes, w i th  a probe temperature 
of 30'C. 
14 +s, was u ed dur ing  mult ip le-scan accumulation. The pulse r e p e t i t i o n  t ime was 
6.0 s. The f H  spectra are referenced t o  tetramethyls i lane (TMS) a t  0.0 ppm 
chemical s h i f t  ( 6 ) .  

The 136 NMR spectra were recorded using lH-decoupling w i th  an i n te rna l  
deuterium lock  system u t i l i z i n g  10- sample tubes. 
mu l t i p le  scan accumulation corresponding t o  6 ps. 
2.0 s. 
the center peak o f  t h e  solvent a t  77.0 ppm and tetramethyls i lane a t  0.0 ppm. 

RESULTS AND DISCUSSION 

The spectra were recorded w i t h  an i n te rna l  deuterium lock  system. The 

Chloroform-d was the  solvent used. A 45' pulse, which corresponds t o  

A 45 pulse was used dur ing 
The pulse r e p e t i t i o n  time was 

The samples were dissolved i n  chloroform-d; the spectra were referenced t o  

The i n i t i a l  experiments were conducted w i th  model compounds. Tetra1 i n 
(1 ,2,3,4-tetrahydronaphthal ene) , 1 ,2,3,4.5.6.7,8-octahydrophenanthrene, and 
9.1 0-di hydroanthracene were used as substrates. 
quinol ine were tes ted  as solvents. 

Durene, t -methyl  naphthalene, and 
h i n o l i n e  was found t o  g ive  t e fas tes t  ra te  

o f  dehydrogenation and was used i n  most subsequent experiments. (6 F 
The middle d i s t i l l a t i o n  f r a c t i o n  (750-850'F) of the ITSL process solvent 

( I l l i n o i s  No. 6 coal, 8-in. PDU BTMS Run 108. 80/20 blend, June 17. 1983) was 
selected as the next m a t e r i a l  f o r  i nves t i ga t i on  by dehydrogenation. 
because p r i o r  charac ter iza t ion  by proton NMR had shown t h a t  i t  contained a sub- 
s t a n t i a l  percentage o f  hydroaromatic compounds. 
r i a l  was dehydrogenated using 1.1 g o f  Pd c a t a l y s t  i n  15 g o f  quinoline. 
evo lu t ion  r a t e  was approximately 0.15 m l h i n  during the f i r s t  day, and the exper i -  
ment was allowed t o  cont inue u n t i l  the r a t e  decreased t o  about 20% o f  t h a t  
observed i n i t i a l l y .  A f te r  5 days, the experiment was terminated on t h i s  basis. A 
t o t a l  of 270 m l  of gas was obtained. Based on the elemental analysis o f  t h i s  sol-  
vent f rac t ion  and t h e  quant i t y  used, i t  was ca lcu la ted  t h a t  11% o f  the t o t a l  
hydrogen i n  the sample was col lected. 

Elemental ana lys is  of the dehydrogenated process solvent showed an 11% loss 
of hydrogen. which Is consistent w i t h  the 11% loss  t h a t  was ca lcu la ted  based on 
the volume of gas c o l l e c t e d  and the sample amount. The number-average molecular 
weight determined by VPO f o r  the o r i g i n a l  and dehydrogenated process solvent were 
263 and 259. respect ively.  This r e s u l t  ind ica tes  tha t ,  as expected. the dehydro- 
genation procedure had no s i g n i f i c a n t  e f fec t  on the number-average molecular 
weight. 

The proton NMR spectra o f  the o r i g i n a l  d i s t i l l a t i o n  f rac t i on  o f  the process 
so lvent  and of the dehydrogenated mater ia l  are shown i n  Figures 1 and 2, respec- 
t i v e l y .  An increase i n  the  aromatic po r t i on  of the sample and a decrease i n  the 
a l i p h a t i c  po r t i on  as a r e s u l t  o f  the  dehydrogenation procedure are  evident. 
q u a l i t a t i v e  r e s u l t  i s  confirmed by Table 1 which presents the resu l t s  o f  the i n te -  
g r a t i o n  of the  spectra over cha rac te r i s t i c  proton regions. 

It was chosen 

Approximately 3 g o f  t h i s  mate- 
The gas 

This 
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Changes i n  the carbon d i s t r i b u t i o n  o f  t he  process solvent f r a c t i o n  as a 
r e s u l t  of dehydrogenation were determined by analyses o f  the  carbon-13 NMR spec- 
t r a .  The data are shown i n  Table 2. These data g i ve  add i t iona l  support t o  the  
observation o f  an increase i n  aromatic protons a t  the  expense o f  t he  a l i p h a t i c  
protons by i nd i ca t i ng  an increase i n  the  aromatic carbon a t  the  expense of  the 
a l i pha t i c  carbon. 

information w i t h  regard t o  the  main reac t ions  t h a t  take p lace  dur ing  c a t a l y t i c  
dehydrogenation. It was determined tha t ,  although the i n t e n s i t y  o f  the w e l l -  
defined O-al iphat ic absorpt ion a t  1.86 ppm was s t rong ly  reduced ( i n d i c a t i n g  the 
dehydrogenation o f  t e t r a l i n - l i k e  structures),  most ly a -a l i pha t i c  protons were 
el iminated dur ing dehydrogenation. The most probable s t ruc tu res  o f  t h i s  type 
which can pa r t i c i pa te  i n  the  dehydrogenation reac t ion  are 9.10-dihydrophenanthrene 
and 4,Sdihydropyrene. The chemical s h i f t  o f  the  -CHz-CH2-group o f  
9,10-dihydrophenanthrene i s  2.86 ppm. 
4,5-dihydropyrene i s  n o t  avai lable.  

The data i nd i ca te  t h a t  a t y p i c a l  reac t ion  which takes place i n  t h i s  system on 
c a t a l y t i c  dehydrogenation i s  the  l o s s  o f  hydrogen from 4.5-di hydropyrene-type 
s t ruc tu res  w i th  the  u l t ima te  format ion o f  pyrene o r  chrysene der iva t ives  o r  some 
o ther  s imi la r ,  more h igh l y  condensed aromatic compounds. To d i s t i ngu ish  between 
smaller (1-3 r i n g s )  and l a r g e r  (4+ r i n g s )  condensed aromatic systems, the aromatic 
absorption area was d iv ided i n t o  two sect ions a t  the  chemical s h i f t  value o f  7.85 
ppm, which corresponds t o  a minimum between two absorpt ion peaks a t  about 7.7 ppm 
and 8.0 ppm. This d i v i s i o n  app l ies  t o  most condensed aromatic hydrocarbons. 
(Anthracene i s  one exception; i t  has about equal absorptions i n  both regions.) 
The r e l a t i v e  absorpt ion i n t e n s i t i e s  i n  these sect ions o f  the  spectra o f  t he  
untreated and the dehydrogenated process solvent f rac t i ons  are shown i n  Table 3. 
As a r e s u l t  o f  the dehydrogenation, a considerable s h i f t  toward l a r g e r  condensed 
aromatic s t ruc tu res  has taken place. 

It was hypothesized t h a t  i f  a coal  i s  f i r s t  p a r t i a l l y  dehydrogenated and then 
subjected t o  depolymerization, t h i s  reac t ion  sequence may make i t  possible t o  d is -  
t i ngu ish  between c y c l i c  and acyc l i c  CH2-bridges i n  the coal. 
s t ruc tu res  would be rendered i n e r t  t o  depolymerization because o f  aromat izat ion i n  
the dehydrogenation reaction. Therefore, the  benzene-soluble f r a c t i o n  from the  
depolymerization o f  a dehydrogenated coal  would conta in  fewer Clip-bridges than 
the same product o f  the  d i r e c t  depolymerization o f  coal. A coal  dehydrogenation/- 
depolymerization experiment was there ore conducted, and the products were 
separated by solvent f rac t ionat ion .  (61 

product containing 36% more CH2-bridges than the depolymerization o f  the 
untreated coal .  Since c a t a l y t i c  dehydrogenation would have converted a t  l e a s t  a 
f r a c t i o n  o f  the c y c l i c  CH2-bridges t o  nonreact ive aromatic structures,  the 
increased amount o f  CH2-bridges i d e n t i f i e d  i n  the benzene-soluble f r a c t i o n  i n d i -  
ca te  t h a t  they o r ig ina te  from acyc l i c  br idge s t ruc tu res  i n  the coal .  
b l e  t h a t  a few more reac t ive  acyc l i c  CHZ-bridges have formed by the  c a t a l y t i c  
dehydrogenation of  hydroaromatic r i n g s  l i nked  t o  acyc l i c  CH2-bridges i n  the  
coal .  
r i n g  s t ruc tu res  corresponding t o  a t o t a l  formula weight o f  450. these acyc l i c  
CH2-bridges form the  l inkage i n  about 10 ut. Z o f  the  organic coal  mater ia l .  

w i thout  a substrate) i n  p a r a l l e l  wi th the  experiments described above.Td The 
main conclusions from these experiments are: 
of H2 occurs; (2) such H2 evo lu t i on  i s  be l ieved t o  be due t o  the  d imer iza t ion  

A more de ta i l ed  eva lua t ion  o f  the  spectra was made t o  ob ta in  add i t iona l  

The chemical s h i f t  o f  t h i s  group i n  

Cyc l i c  br idge 

Depolymerization o f  the  dehydrogenated coal  y ie lded 1G% more benzene-soluble 

It i s  possi-  

Assuming t h a t  each acyc l i c  CH2-bridge i s  l i n k e d  t o  aromatic/hydroaromatic 

Several con t ro l  experiments were conducted w i th  qu ino l ine  and c a t  1 s t  ( i .e. ,  

( 1 )  under these cond i t ions  evo lu t ion  
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o f  qu ino l ine  on the  basis o f  GC-MS data; (3) the  r a t e  o f  d imerizat ion o f  qu ino l ine  
depends on the  H2 concentrat ion o f  the atmosphere above the reactant; (4 )  conse- 
quently, t he  d imer iza t ion  r a t e  i s  g rea t ly  reduced when the  i n e r t  gas atmosphere i s  
replaced w i t h  Hp; (5 )  the  dimer formation i s  n o t  reve rs ib le  under the cond i t ions  
o f  the dehydrogenation react ion,  the dimer w i l l  s lowly accumulate i n  the  system; 
(6) quinol ine can be c a t a l y t i c a l l y  hydrogenated t o  form T i iQ  i n  t h i s  reac tor  system 
a t  a temperature below the  b o i l i n g  po in t  o f  quinol ine;  and (7) the presence o f  the 
process solvent suppresses hydrogen release by the  quinol ine.  Conclusion (7) I s  
supported by the  f a c t  t h a t  the  quant i t y  o f  gas evolved dur ing the  dehydrogenation 
o f  the process so lvent  f r a c t i o n  agreed we l l  w i t h  the  d i f fe rences  i n  the  hydrogen 
contents o f  the  o r i g i n a l  and dehydrogenated mater ia ls.  The presence o f  hydrogen 
from the substrate i n  the system markedly reduces the  hydrogen c o n t r i b u t i o n  from 
the  quinol ine dimerizat ion.  

w r i t t e n  as fo l lows: 
A t en ta t i ve  reac t ion  schematic of  the  qu ino l ine  d imer iza t ion  reac t ion  can be 

Reactions 1 )  and 2) a re  reversible.  Therefore, increased H p  p a r t i a l  pres- 

Therefore, the 
sure reduces the  r a t e  o f  format ion of the  qu ino l y l  rad i ca l ,  and thus, a l s o  the 
r a t e  o f  format ion o f  the  dimer. 
dimer w i l l  s lowly accumulate i n  the  solut ion,  w i t n  the  r a t e  o f  dimer formation 
depending on the  hydrogen pressure. 

Reaction 3) i s  no t  reversible.  
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Figure 1. Proton NMR Spectrum o f  750 t o  850°F F r a c t i o n  
o f  Process Solvent 
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Figure 2. Proton NMR Spectrum o f  Dehydrogenated 750 t o  850'F 
F r a c t i o n  o f  Process Solvent 
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TABLE 1 
PROTON-TYPE DISTRIBUTIONS OF ORIGINAL AND 
DEHYDROGENATED PROCESS SOLVENT FRACTION* 

Aroma t i c  
(1-3 r ings,  6.9-7.85 ppm) 

Aromatic 
(4+ r ings ,  7.85-9.2 ppm) 

~~ ~ ~ ~~ 

O r ig ina l  Dehydrogenated 
S t ruc tu ra l  Region 1 Soi;;nt -1 Solvent 

( X )  

55 

45 

Aromatic 
6.0 t o  10.0 ppm 

2.0 t o  4.5 ppm 

1.0 t o  2.0 ppm 

0.0 t o  1.0 ppm 

J -A1 i p h a t i c  

0-A1 i phat i  c 

Y-A l iphat ic  

44 

25 

29 

2 

52 

17 

28 

3 

*750 t o  850'F 

TABLE 2 TABLE 3 
CARBON DISTRIBUTION I N  THE PROCESS 
SOLVENT FRACTION* BEFORE AND AFTER 

DEHYDROGENATION 

AROMATIC PROTON-TYPE DISTRIBUTION OF 
ORIGINAL AND DEHYDROGENATED PROCESS 

SOLVENT FRACTION 

I 
Carbon 1 D i s t r i b u t i o n  

'A1 
(0-68 ppm) 

( 108-200 ppml 
C A r  

I cHA 
(22-31 ppm) 

Or ig ina l  
F rac t i on  
(8) 

28 

72 

15  

Dehydro. 
genated 

(XI 

18 

82 

9 

Or ig ina l  

S t ruc tura l  Region 

I 

Dehydro- 
enated 
01 vent 
( X )  

! 

43 

57 

~ 

*75O-85O0F 
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COAL CONVERSION I N  CO/WATER: 
TEE ROLES OF PYROLYSIS AND PBENOLICS I N  CONVERSION 
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The r e l a t i o n s h i p  of  c o a l  l i q u e f a c t i o n  behavior t o  coa l  s t r u c t u r e  has  been a 
s u b j e c t  of  s tudy f o r  s e v e r a l  years ,  p a r t i c u l a r l y  wi th  respec t  t o  l o s s  of c o a l  oxygen 
(1) .  
of i ts product s o l u b i l i t y  i n  a p a r t i c u l a r  so lvent  such as pyridine.  benzene. or  
te t rahydrofuran .  
t o  l iquefac t ion .  def ined i n  terms of product s o l u b i l i t y .  is t h a t  a v a r i e t y  of  
f a c t o r s  cont r ibu te  t o  t h e  product ' s  o v e r a l l  s o l u b i l i t y  i n  a given so lvent  

T r a d i t i o n a l l y ,  t h e  l i q u e f a c t i o n  behavior of  a c o a l  has  been def ined i n  terms 

However. an. inherent  complicat ion i n  t r y i n g  t o  r e l a t e  r e a c t i v i t y  

The chemical na ture  of t h e  product. i.e.. t h e  sum of  i t s  aromat ic i ty .  
heteroatom content .  and f u n c t i o n a l  group d i s t r i b u t i o n .  w i l l  determine i ts  s o l u b i l i t y  
t o  a l a r g e  degree. 
an important role .  
combinations of  these  s p e c i f i c  f a c t o r s  thus  r u l e  out  t h e  development of  any 
reasonably simple c o r r e l a t i o n  between s t r u c t u r e  and r e a c t i v i t y .  And i t  fol lows t h a t  
product  s o l u b i l i t y  i s  not  n e c e s s a r i l y  a good r e l a t i v e  measure of a c o a l ' s  r e a c t i v i t y  
i n  a given conversion medium. p a r t i c u l a r l y  among a set of  c o a l s  of  s u b s t a n t i a l l y  
d i f f e r e n t  chemical c o n s t i t u t i o n .  

The molecular weight d i s t r i b u t i o n  of t h e  product w i l l  a l s o  p lay  
The complex i n t e r a c t i o n s  evolving from t h e  var ious  poss ib le  

This  work i s  d e a l t  wi th  here  in  work with t h e  s e p a r a t e  CO/water and N2/water 
t rea tments  of s e v e r a l  c o a l s  from the  Eastern Province of  t h e  U.S. The research  
focuses  on a development of  some i n s i g h t  i n t o  e f f e c t s  of  oxygen f u n c t i o n a l i t y  on 
conversion, wi th  p a r t i c u l a r  focus on phenol ic  f u n c t i o n a l i t y .  - 

Two requirements f o r  a s tudy aimed a t  developing a c o r r e l a t i o n  between coa l  
s t r u c t u r e  and r e a c t i v i t y  a r e  ( i )  a d i a g n o s t i c  f o r  conversion t h a t  i s  f r e e  from 
problems assoc ia ted  with s o l u b i l i t y .  and ( i i )  a means o f  separa t ing  t h e  reduct ive  
conversion chemistry from t h e  p a r a l l e l  p y r o l y t i c  chemistry a l s o  i n  e f f e c t .  

Most common l i q u e f a c t i o n  media employ an E-donor component such a s  t e t r a l i n .  
which t r a n s f e r s  hydrogen t o  t h e  coa l .  I n  such a medium t h e  coa l  i s  reduced and 
degraded t o  y ie ld  a more soluble .  lower molecular weight product. I n  p r i n c i p l e .  t h e  
more hydrogen added t o  t h e  coal .  t h e  g r e a t e r  t h e  o v e r a l l  s o l u b i l i t y  of  t h e  products .  
Rovever. given t h e  complexi t ies  o f  s o l u b i l i t y  j u s t  noted. t h e  q u a n t i t y  of hydrogen 
t r a n s f e r r e d  t o  t h e  coa l  would seem t o  be a b e t t e r  measure of  i t s  r e a c t i v i t y .  o r  its 
propensi ty  toward reduct ion.  

Yet even wi th  t h i s  approach there  a r e  complicat ing f a c t o r s .  
course.  always accompanies thermal t reatment  of c o a l  i n  8-donor media. 
t h e r e  is  no way t o  separa te  o r  d i s t i n g u i s h  products  t h a t  a r e  a r e s u l t  of  p y r o l y t i c  
processes .  and independent of  conversion. Addit ional ly .  conversions i n  such media 
y i e l d  products contaminated by t h e  so lvent  through chemical incorporat ion.  

Conversion. o f  1/ Accordingly 
i 
k 
i 
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Conversions conducted i n  a carbon monoxide/water system circumvent both of  
F i r s t .  t h e  medium is t o t a l l y  inorganic  and provides an organic  

Second. N2 can be used i n  p lace  of CO t o  
these  problems. 
groduct der ived  s o l e l y  from t h e  coal .  
provide a product t h a t  has  n o t  been reduced. bu t  has  been otherwise subjected t o  the 
same time-temperatute condi t ions  a s  t h e  product  obtained us ing  CO. This  product can 
be considered a6 a Fina l ly ,  and 
perhaps most s i g n i f i c a n t l y .  carbon monoxide/water and t e t r a l i n  share  some 
mechanis t ic  f e a t u r e s ;  t h u s  i n s i g h t s  gained from s t u d i e s  using CO/H20 can be 
conf ident ly  appl ied  t o  conversion i n  t e t r a l i n  ( 2 ) .  

blank run" and can provide a b a s i s  f o r  comparison. 

The r e s u l t s  of  s e v e r a l  publ ished s t u d i e s  show t h a t  conversions i n  CO/R 0 2 genera l ly  decrease  wi th  increas ing  carbon conten t  of t h e  s t a r t i n g  coe l .  
a l . .  using s y n t h e s i s  gas  (E2 and CO) and water. found t h a t  a l i g n i t e  gave higher  
conversion than a bituminous coa l  (3) .  
cobalt-molybdenum c a t a l y s t .  found t h a t  conversion decreased wi th  
content  f o r  a s e r i e s  of  c o a l s  ranging from 50% t o  90% carbon (4) .  Oeler t  and 
Siekmann found t h a t  conversion increased wi th  increas ing  O/C r a t i o  of  t h e  s t a r t i n g  
mater ia l  ( 5 ) .  These r e s u l t s .  taken toge ther .  suggest t h a t  oxygen f u n c t i o n a l i t i e s  
s t rongly  inf luence  t h e  conversion behavior  of t h e  coa l .  These pas t  s t u d i e s  have 
d e a l t  with m a t e r i a l s  of widely d i f f e r e n t  o r i g i n  and geologic  age. however. and any 
s t r u c t u r e - r e a c t i v i t y  r e l a t i o n s h i p  der ived from such s t u d i e s  can provide only l imited 
mechanis t ic  i n s i g h t .  I n  t h e  work repor ted  here  we have confined our  e f f o r t  t o  a 
s e r i e s  of Eas te rn  Province c o a l s  t o  minimize t h i s  f a c t o r .  

Appell e t  

Ouchi and Takemura. using CO/A 0 and a 
incraas ing  carbon 

The elemental  ana lyses  o f  t h e  coa ls  are shown i n  Table 1. The coa ls  were 
ground and s ieved under dry  N2 u n t i l  a l l  c o a l  passed a 100-mesh s ieve.  
were then d r i e d  under vacuum a t  105OC overn ight  before  use. 
performed i n  a 300-mL Magne-Drive-stirred Has te l loy  C autoclave.  The autoclave was 
loaded with 5 g of d r y  c o a l  and 30 g of  AZO t h a t  was previously ad jus ted  to  a pH of 
13.0 with s o l i d  KOA. 
e i t h e r  N2 o r  CO. and then f i l l e d  with e i t h e r  N2 o r  CO (500 p s i g ) .  

The c o s l s  
A l l  r e a c t i o n s  were 

The system was sea led .  purged wi th  N2. purged again w i t h  

Table I 

ELEMENTAL ANALYSIS (Wt%) OF EASTERN PROVINCE COALS (dmmf)' 

PSOC Mineral 
No. Seam C H N S Ob OOBC Matter 

278 Ohio No. 9 81.5 6.0 1.1 5.4 6.0 4.7 18.0 
306 Ohio No. 12 82.4 6.1 1.8 2.6 7.1 3.4 34.1 
307 Ohio No. 12A 83.1 5.9 1.7 3.6 5.7 3.9 25.6 
1099 P i t t s b u r g h  86.8 5.7 1.4 2.2 3.9 2.8 12.8 
26 a Lyons 88.0 5.3 1.4 1.6 3.7 2.5 6.2 

:Our determina t ions .  

'Determined by Given and coworkers by 0-ace ty la t ion  (8) .  
By d i f f e r e n c e .  

The c o a l  w a s  conver ted  by hea t ing  t h e  au toc lave  t o  4OO0C tk  5OC)  f o r  20 min. 
Maximum pressures  a t t a i n e d  ranged from 3500 t o  4000 psig.  
t imes were each  about  one hour. 

The heat-up and cool-down 

Q u a n t i t a t i v e  ana lyses  of t h e  product gases  CO, C02. and H2 were made by gas 
chromatography using known standards.  The aqueous phase was p i p e t t e d  from t h e  
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autoclave.  and suspended m a t e r i a l  w a s  f i l t e r e d  i f  necessary.  The n o n v o l a t i l e  Coal 
products  were q u a n t i t a t i v e l y  removed from t h e  au toc lave  wi th  te t rahydrofuran  (TEF) 
and t r a n s f e r r e d  t o  a round-bottom f l a s k .  
400 mL of toluene was added. and t h e  mixture  was ref luxed f o r  2 h wi th  a Dean-Stark 
t r a p .  

The TEF was removed by r o t a r y  evaporat ion.  

Azeotropic d i s t i l l a t i o n  removed any water. A f t e r  cool ing.  t h e  mixture  was 
f i l t e r e d  t o  separa te  t h e  to luene  so luble  material (TS) from t h e  to luene- inso luble  
material (TI) .  
Both t h e  TS and TI f r a c t i o n s  were d r i e d  overn ight  a t  80°C and veighed. 
hydrogen. and n i t rogen  a n a l y s i s  of t h e  products  were made using a Control  Equipment 
241 microanalyzer. 

m 

The toluene vas  removed from t h e  f i l t r a t e  by r o t a r y  evaporat ion.  
Carbon. 

I n  e a r l i e r  work we descr ibed our  use of CO/water conversion f o r  bituminous 
coa ls  and discussed how t h e  conversions t o  toluene-soluble  products  were dependent 
on t h e  i n i t i a l  pE of  t h e  aqueous medium (6 ) .  
I l l i n o i s  No. 6 coal .  about 50% of t h e  s t a r t i n g  oxygen i n  t h e  coa l  is  l o s t  under 
conversion condi t ions (7). This  0 i s  loose ly  bound and i s  l o s t  rap id ly  whether CO 
o r  N2 i s  used. 
produced pyro ly t ic  product, which i s  then  t h e  t r u e  precursor  to  subsequent ly  formed 
upgraded products. 

We have found t h a t ,  a t  l e a s t  f o r  

We concluded t h a t  under conversion condi t ions  there  is a r a p i d l y  

The CO/water conversion p a r a l l e l s  t h e  water-gas-shif t  r e a c t i o n  (WGSR) s 

CO + E20 --> C02 + E2 1 )  

An intermediate  i n  the  WGSR. most l i k e l y  formate. i s  p r i n c i p a l l y  respons ib le  f o r  
conversion. r a t h e r  than t h e  H2 derived from t h e  s h i f t  reac t ion .  

In  t h e  work discussed here. both t h e  t o l u e n e - s o l u b i l i t i e s  and t h e  R/C of t h e  
products  from runs i n  both N2/R20 and CO/E20 were measured and compared f o r  each 
coa l .  
coa ls .  

The r e s u l t s  a r e  i n t e r p r e t e d  i n  terms of t h e  phenol ic  conten ts  of t h e  s t a r t i n g  

A l l  c o a l s  were converted by hea t ing  t o  4OO0C f o r  20 
min i n  e i t h e r  CO/E 0 o r  N /E 0 a t  a s t a r t i n g  pE of 13.0. 
toluene-soluble  mazerial tTS3 i n  both N2/E20 and CO/E20 were measured f o r  each coal .  
The r e s u l t s  a r e  shown i n  Table 2. 
mat te r - f ree  b a s i s  and is ca lcu la ted  as 

The conversions t o  

Conversion t o  XTS i s  def ined on a dry. mineral-  

XTS (wt TS/wt dmmf c o a l )  x 100 2 )  

The N -runs y ie ld ing  r e s u l t s  due t o  only p y r o l y t i c  chemistry. s u r p r i s i n g l y  show 
f o r  some 01 t h e  coa ls  s u b s t a n t i a l  l i b e r a t i o n  of  TS mater ia l .  
conversions i n  t h e  two media y i e l d s  t h e  n e t  conversion due t o  reduct ion alone:  

The d i f f e r e n c e  i n  

%TS(net) = %TS(CO/E20) - %TS(N2/R20) 3 )  

The conversions do not  take i n t o  account product ion of l i g h t  hydrocarbon gases. 
The major hydrocarbon gases  were always methane and ethane;  however. they accounted 
f o r  less than 2% of t h e  t o t a l  amount of carbon charged t o  t h e  r e a c t o r  i n  both  CO/E20 
and N /E 0 runs. a s  determined by gas  chromatography. 2 2  

nf TS and TI  -. Carbon recover ies  based on 
t h e  C-content of the  s t a r t i n g  coa l  ranged from 70% t o  94% f o r  runs i n  N2/E 0 and 
from 89% t o  98% f o r  runs i n  CO/E20. Thus. r e c o v e r i e s  were c o n s i s t e n t l y  b e f t e r  i n  
CO/E20 runs. 
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The H / C  r a t i o s  of t h e  products  a r e  l i s t e d  i n  Table 2. 

Based on our view t h a t  t h e  t r u e  precursor  of the  conversion products  is 

For t h e  N2/R20 runs. 
t h e r e  is a ne t  loss of hydrogen r e l a t i v e  t o  carbon, whereas i n  CO/R20 runs  t h e r e  i s  
a n e t  gain.  
t h e  i n i t i a l l y  formed product  from pyro lys is .  w e  can c a l c u l a t e  the  n e t  g a i n  i n  
hydrogen per  100 carbon atoms by t h e  composite va lues  f o r  the  TS and TI f r a c t i o n s .  

AH/lOOC ~H/Ccomp(CO/R20) - H/Ccomp(N2/€120)1 x 100 4 )  

The y i e l d s  of TS i n  t h e  runs with N /water shown i n  Table 2 a r e  unexpected. 
p a r t i c u l a r l y  i n  view of some of t h e  pyro ly t i ;  hydrogen losses .  The N2-resul t  wi th  
PSOC 278 y ie ld ing  a product wi th  21% to luene  s o l u b i l i t y  is s t r i k i n g .  a s  is t h e  h igh  
R/C r a t i o  of  t h e  TS f r a c t i o n .  
t h e r e f o r e  i n  p a r t  due t o  t h e  l a r g e  component r e s u l t i n g  from pyro lys is .  This  r e s u l t  
demonstrates t h e  important r o l e  pyro lys i s  can p lay  i n  conversion and t h e  need t o  
s e p a r a t e  pyro lys i s  and reduct ion  i n  l i q u e f a c t i o n  s t u d i e s .  

The very high TS va lue  f o r  the  CO/vater runs  i s  

For PSOC 278 t h e  l o s s  of s t a r t i n g  hydrogen i n  t h e  N2-runs is  minimal. 
suggest ing a poss ib le  r e c i p r o c a l  r e l a t i o n s h i p  between p y r o l y t i c  E-loss and p y r o l y t i c  
conversion. The r e s u l t s  f o r  PSOC 306. however. r u l e  a g a i n s t  any d i r e c t  l i n k  between 
t h e  tvo. s ince  t h e r e  i s  a s i g n i f i c a n t  16% TS f r a c t i o n  from N2/water. v h i l e  t h e  H/C 
r a t i o  decreases  by about 11%. 

The phenolic conten ts  of  a number of c o a l s  including those s tudied  here  have 
been es tab l i shed  by Given and coworkers (8) .  Figure 1 p l o t s  the  %TS s o l u b i l i t i e s  
(right-hand ord ina te)  f o r  t h e  C O / w a t e r  conversions of t h e  Eastern Province c o a l s  as 
a func t ion  of these  values .  The f i g u r e  shows a rough c o r r e l a t i o n  between t h e  two 
components. However. t h e  t rend  of increas ing  TS va lues  with increas ing  0 i s  s e t  
by the  extreme s o l u b i l i t y  va lue  of  around 80% f o r  PSOC 278. 
excluded. t h e r e  appears  t o  be no r e a l  c o r r e l a t i o n  over an OOH spread of almost a 
f a c t o r  of 2. 

I f  t h a t  resu%! is 

One problem wi th  t h i s  a t tempted c o r r e l a t i o n  i s  t h e  narrow range of TS va lues  
f o r  most of t h e  coa ls .  
s o l u b i l i t y  as the  d i a g n o s t i c  is  c l e a r l y  apparent  here .  Another p a r t  of t h e  problem 
i s  t h e  use of the  f u l l  s o l u b i l i t y .  and ignoring t h e  f a c t  t h a t  t h e r e  a r e  s i g n i f i c a n t  
l e v e l s  of pyro ly t ic  formation of TS f r a c t i o n s  f o r  some of  t h e  coa ls .  

The complicat ion introduced through consider ing product  

A b e t t e r  view of t h e  conversion due s o l e l y  t o  reduct ion  can be der ived  from 

For t h e  
consider ing t h e  H/100C va lues  from i n  Table 2. These da ta  a r e  a l s o  presented i n  
Figure 1. and i n  t h i s  case  a very good l i n e a r  r e l a t i o n s h i p  is obtained.  
Eas te rn  Province coals .  t h e  l i n e  f i t s  t h e  equat ion 

A R / ~ O O C  = 4.8 OH/lOOC + 0.5 5 )  

with  a c o r r e l a t i o n  c o e f f i c i e n t  of 0.97. The e x c e l l e n t  f i t  confirms t h e  need t o  
avoid s o l u b i l i t y  as t h e  d i a g n o s t i c  f o r  conversion.  and t o  c o r r e c t  l i q u e f a c t i o n  d a t a  
f o r  pyro ly t ic  reac t ions .  
c h a r a c t e r i s t i c  f o r  comparison. 

Thus t h e  H/C r a t i o  of t h e  o r i g i n a l  coa l  i s  not  a proper  

The f a c t  t h a t  t h e  extended l i n e  passes  near  t h e  o r i g i n  suggests  t h a t  a 
mechanis t ic  c o r r e l a t i o n  e x i s t s  between t h e  hydrogen uptake by t h e  coa l .  and t h e  
phenol ic  content .  
reduct ion  chemistry. 
t h e  coa l  s t r u c t u r e  f o r  each phenol ic  group, and a t  p resent  we have no scheme t o  
expla in  t h a t  value.  
cons tan t  with conversion and tha t  unaccounted o r  loose ly  bound oxygen represented  
t h e  major source of l o s t  oxygen ( 7 ) .  It t h e r e f o r e  seems t h a t .  a l though phenol 
func t ions  in  the  coa l  may be t h e  key t o  t h e  in t roduct ion  of hydrogen i n t o  c o a l  
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Phenol func t ions  thus  seem t o  p lay  a d i r e c t  r o l e  i n  t h e  s p e c i f i c  
The s lope  of  t h e  l i n e  d i c t a t e s  t h a t  5 hydrogens a r e  added t o  

We have noted t h a t  t h e  phenol ic  content  s t a y s  reasonably 



dur ing  C O h a t e r  conversion.  they a re  not  d i r e c t l y  removed by t h e  conversion 
chemistry.  
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EwEBIElgWS AND KODELING OF COAL DEPOLYW3RIZATON 

P e t e r  R. Solomon, and Kevin R. Squi re  

Advanced Fuel Research, Inc., 87 Church S t r e e t ,  Eas t  Har t ford ,  CT 06108 

Direc t  l i que fac t ion  of coa l  is accomplished by t h e  depolymerization of t he  c o a l  
molecule wi th  s t a b i l i z a t i o n  of  t he  polymer fragments by hydrogen from coa l  and the  
l i que fac t ion  solvent.  For bituminous coa l s  conta in ing  between 80 and 88% carbon, the  
i n i t i a l  l i q u e f a c t i o n  r e a c t i o n s  produce h igh  molecular weight so lub le  products and 
e f f i c i e n t l y  consume t h e  donatab le  hydrogens. Up t o  80% y i e l d s  can be produced i n  
s h o r t  contac t  t ime l i q u e f a c t i o n  (1,2). On t he  o t h e r  hand, the  production of so luble  
products from l i g n i t e s  is hindered by c ross l ink ing ,  r e s u l t i n g  i n  i n e f f i c i e n t  use of 
t he  i n t e r n a l  hydrogen and low yields.  A c o r r e l a t i o n  between shor t  contac t  t i m e  
y i e l d s  and t h e  c r o s s l i n k  dens i ty  was d iscussed  by Whitehurst  e t  a 1  (1). As t h e  
average c r o s s l i n k  d e n s i t y  goes up wi th  decreas ing  rank, l i que fac t ion  y i e l d s  go down. 
The c ross l ink  dens i ty  was determined from so lvent  swe l l ing  r a t i o s  (d iscussed  by 
Larsen and coworkers (3.4). 

While there  appears t o  be a h igher  s t a r t i n g  c r o s s l i n k  dens i ty  i n  l i g n i t e s  and low 
rank coa ls  (1-51, many new c r o s s l i n k s  a r e  in t roduced  by r eac t ions  s t a r t i n g  above 
3OOOC. 
cha r s  of a l i g n i t e  and a bituminous coa l  hea ted  a t  approximately 1000'Clsec. 
r e s u l t s  show t h a t  l i g n i t e s  c r o s s l i n k  a t  t empera tures  ( ~ 6 5 0  K) f a r  below those  where 
bituminous coa l s  c r o s s l i n k  (800 K). While the  t a r  evo lu t ion  from bituminous coa l s  is 
nea r ly  complete be fo re  c ros s l ink ing  begins,  c ros s l ink ing  seems t o  precede the  t a r  and 
gas  evolu t ion  i n  the  case  of l i g n i t e s .  
c ros s l ink ing  r e a c t i o n s  reduce the  c o a l ' s  s o l u b i l i t y ,  add thermal ly  s t a b l e  bonds t o  
t h e  coa l  s t r u c t u r e  and consume hydrogen t o  produce water.  
coa l s  could be improved by reducing o r  e l imina t ing  these  r e t rog res s ive  r eac t ions ,  but 
l i t t l e  da ta  a r e  a v a i l a b l e  on t h e  mechanisms and r e l a t i v e  r a t e s  of the  c ros s l ink ing  
and bond breaking reac t ions .  

This  paper cons iders  t h e  processes  of depolymer iza t ion  and c ross l ink ing  under 
py ro lys i s  cond i t ions  i n  the  absence of a l i q u e f a c t i o n  solvent.  
depolymerization and c ross l ink ing  chemis t ry  which opera tes  i n  short-contact t ime  
l ique fac t ion  a l s o  c o n t r o l s  t h e  y i e lds  and molecular weight d i s t r i b u t i o n s  of t h e  
so lub le  products ( t a r s  and l i q u i d s )  from pyrolyses. 
a r e  determining d i s t r i b u t i o n s  of depolymerization fragments f o r  coa l s ,  l i g n i t e s ,  and 
model polymers (7-11). 
rank and func t iona l  group composition and a l t e r a t i o n  of t h e  c ros s l ink ing  r eac t ions  by 
chemical modi f ica t ion  of t h e  coa l  or  by v a r i a t i o n s  of t h e  r e a c t i o n  conditions.  The 
r e s u l t s  a r e  being used t o  develop a Monte Car lo  d e v o l a t i l i z a t i o n  model inc luding  the  
combined e f f e c t s  of depolymerization, c ros s l ink ing  and vapor iza t ion  processes (12). 

Suuberg, Lee and Larsen (6) compared py r id ine  swe l l ing  r a t i o s  f o r  pyro lys i s  
The 

In l i que fac t ion .  t hese  r e t rog res s ive  

Liquefac t ion  of low rank 

The same 

I n  our exper imenta l  s t u d i e s  we 

We cons ider  t h e  f a c t o r s  which c o n t r o l  c ros s l ink ing  such a s  

BFFECC OF CROSSLINKING ON MOLECULAR WEIGBT DISTRIBUTION OF PYBOLYSIS PRODUCTS 

Fie ld  Ion iza t ion  Mass Spectroscopy (FIMS) has been used t o  provide the  da t a  on the  
molecular weight d i s t r i b u t i o n  of pyro lys i s  products. 
coa l s  a r e  presented. 
previous publ ica t ion  (9). 
I n s t i t u t e  by d i r e c t  p y r o l y s i s  a t  3"Clmin i n t o  t h e  i n l e t  of t h e  mass spec t rometer  
(13). Since f i e l d  i o n i z a t i o n  produces very few fragment peaks, t hese  spec t r a  can  
roughly be i n t e r p r e t e d  as t h e  molecular weight d i s t r i b u t i o n s  of t a r s .  
s i n g l e  a romat ic  r ing  c l u s t e r s  ("monomers") as w e l l  as l a r g e r  c o a l  fragments 
containing seve ra l  r i n g  c l u s t e r s  ("oligomers"). 
and subbituminous c o a l s  have t a r s  wi th  much lower average molecular weights than the  
spec t r a  for t h e  I l l i n o i s  16 and Kentucky #9 bituminous coals.  
similar dependence w i t h  maceral type. 
produce high molecular v e i g h t  tars, whi le  t h e  more hydrogen poor macerals produce 

I n  Fig. 3, FIMS s p e c t r a  f o r  four 
The d e t a i l e d  shapes of these  spec t r a  were d iscussed  i n  a 

These spec t r a  were c o l l e c t e d  a t  S tanford  Research 

They inc lude  

It can be seen t h a t  t h e  l i g n i t e  

F igure  2 shows a 
The h igh  hydrogen conten t ,  f l u i d  macera ls  
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lower molecular weight t a r s .  
h igh  molecular weights  d i s t r i b u t i o n s  are c h a r a c t e r i s t i c  of mel t ing  m a t e r i a l s  and, a r e  
o f t en  accompanied by high l i q u i d  y i e lds  because of e f f i c i e n t  use of t h e  m a t e r i a l s  
donatable hydrogens. Low molecular weight d i s t r i b u t i o n s  f o r  t a r s  a r e  c h a r a c t e r i s t i c  
of c ross l inked  o r  thermose t t ing  ma te r i a l s  wi th  low l i q u i d  y ie lds .  For low molecular 
weight t a r s ,  more bonds must break and more hydrogen i s  requi red  t o  s t a b i l i z e  each 
gram of product. As discussed  i n  Refs. 7-12 t h e  shape of t he  molecular weight 
d i s t r i b u t i o n  of py ro lys i s  decomposition fragments is con t ro l l ed  by t h e  decomposition 
r eac t ions  and by the  v o l a t i l i t y  of t h e  fragments.  I n  t h e  absence of c ros s l ink ing ,  
random bond breaking and s t a b i l i z a t i o n  by hydrogen abs t r ac t ions  reduce t h e  average 
molecular weight of t he  fragments u n t i l  they a r e  s m a l l  enough t o  v o l a t i l i z e .  The 
predic ted  molecular weight d i s t r i b u t i o n  i s  f l a t  up t o  t h e  vapor iza t ion  cu tof f .  
Crosslinking produces two e f f e c t s ,  t h e  f i r s t  i s  t o  inc rease  the  average molecular 
weight of fragments,  moving many of them above t h e  vapor iza t ion  l i m i t .  The second i s  
t o  c r e a t e  a network which l i m i t s  t h e  t r anspor t  of l a r g e  fragments ou t  of t h e  r eac t ing  
coa l  p a r t i c l e  ( t h i s  network a l s o  l i m i t s  t h e  pene t r a t ion  of so lvent  and the  mob i l i t y  
of coa l  hydrogen-donor molecules). 
weight d i s t r i b u t i o n  observed f o r  ma te r i a l s  which a r e  i n i t i a l l y  c ross l inked  or undergo 
c ross l ink ing  during pyro lys i s .  

Experiments w i th  coa l s  and model polymers suggest t h a t  

Both e f f e c t s  lead  t o  the  drop off i n  molecular 

WODIFICATIOR OF TEE CROSSLINKING REACTIONS 

Modifications of t he  c ros s l ink ing  r eac t ions  were accomplished i n  two ways. Pyro lys i s  
experiments were performed (11) on modified coa l s  suppl ied  by Ron L i o t t a  of the  Exxon 
Corporation. 
by methylation. Methylation of low rank coa l s  makes t h e i r  behavior i n  py ro lys i s  look 
l i k e  t h a t  of e a s i l y  l i q u i f i e d ,  f l u i d ,  high rank coals.  F igure  3 compares t h e  FIMS 
spec t r a  f o r  a methylated and unmodified coal. 
molecular weight d i s t r i b u t i o n s ,  high y i e lds ,  and f l u i d  p rope r t i e s  i n  agreement wi th  
the  hypothesis of reduced cross l ink ing .  
were obtained f o r  a Wyodak subbituminous coa l ,  by Padrick (14), when a s t rong  
hydrogen bonding so lvent  was used. 
groups which make up the  hydrogen bonding network i n  t h e  coa l  a r e  t i e d  up ( e i t h e r  by 
methyla t ion  o r  by hydrogen bonds t o  t he  so lvent )  r a t h e r  than undergoing cross l ink ing .  

The second way i n  which c ross l ink ing  r eac t ions  were modified was through con t ro l  of 
t he  r eac t ion  conditions.  Recent experiments i n  a heated tube r eac to r  (HTR) a t  hea t ing  
r a t e s  of 20,00ODC/sec (11, 15-17) suggest t h a t  i n  very  rap id  pyrolyses of l i g n i t e s  t he  
de t r imen ta l  e f f e c t s  of c ros s l ink ing  r eac t ions  a r e  minimized. 
t h e  y i e lds  of t a r s  a r e  much h igher  than i n  low hea t ing  r a t e  pyrolyses,  t he  cha r s  have 
melted and swelled,  and t h e  molecular weight d i s t r i b u t i o n s  of t he  t a r s  a r e  comparable 
t o  those  obtained f o r  bituminous coals.  

F igure  4 compares scanning e l ec t ron  micrographs of l i g n i t e  chars  produced a t  800°C 
wi th  hea t ing  r a t e s  of 60O0C/sec and 20,000°C/sec. The COO"C/see char shows l i t t l e  
evidence of  f l u i d i t y  whi le  the 20.000"C/sec ETR char shows f l u i d i t y ,  bubbling, and 

In t hese  coa l s ,  t h e  hydroxyl and carboxyl ic  ac id  groups were modified 

The methylated coa l  produces the  h igh  

I n  a r e l a t e d  experiment,  very  high y i e l d s  

I n  both experiments t h e  hydroxyl and carboxyl 

I n  these  experiments,  

swel l ing .  

Figure 5 shows t h e  v a r i a t i o n  of the  molecular weight d i s t r i b u t i o n  wi th  h igh  hea t ing  
r a t e s .  F igures  5a and 5b a r e  spec t r a  of t a r s  c o l l e c t e d  i n  a heated g r i d  r eac to r  a t  
hea t ing  r a t e s  of 3 and 600°C/sec, respec t ive ly .  Figure 5c i s  a FIMS spectrum of a t a r  
co l l ec t ed  i n  the  HTR a t  a hea t ing  r a t e  of 20,000°C/sec. The e f f e c t  of h igher  hea t ing  
r a t e s  i s  t o  produce tars from l i g n i t e s  which have h igher  average molecular weights,  
l i k e  the  FIMS spec t r a  from higher  rank coa l s  ( see  Figs. I d  and 2c) o r  methylated coa l  
(F ig .  3b).  

FT-IR spec t r a  i n  Fig. 6 show the  t a r s  a t  h igh  hea t ing  r a t e s  apparent ly  have not lost 
t h e i r  oxygen f u n c t i o n a l i t i e s  as do t a r s  a t  low hea t ing  rates. At low hea t ing  r a t e s ,  
t hese  oxygen func t iona l  groups a r e  l o s t  i n  c ros s l ink ing  r eac t ions  accompanied by the 
evolu t ion  of CO, COP, and H20. 
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Swel l ing  experiments on chars  produced in very  rap id  py ro lys i s  confirm tha t  
c ross l ink ing  r e a c t i o n s  i n  a l i g n i t e  have been s h i f t e d  in t empera ture  and no longer 
precede depolymerization. 
l i q u i d  ( t a r  p lus  e x t r a c t )  y ie lds .  
formation r eac t ions  a r e  occurr ing  a t  about t he  same ra tes .  
those  of Suuberg e t  al. obtained a t  lower hea t ing  r a t e s  (6). However, f o r  
experiments a t  low hea t ing  r a t e s  in our l abora to ry ,  t he  swe l l ing  r a t i o  went t o  zero 
a t  300°C (wel l  before  any depolymerization can occur), i n  agreement wi th  the  r e s u l t s  
of Ref. 6. Thus, t h e  sequence of c ros s l ink ing  followed by t a r  format ion  observed f o r  
lower heating r a t e s  is replaced w i t h  simultaneous c ros s l ink ing  and t a r  formation a t  
very high hea t ing  r a t e s .  

I n  Fig. 7 py r id ine  swe l l ing  r a t i o s  a r e  compared t o  t a r  and 

These r e s u l t s  d i f f e r  from 
It can be seen t h a t  both c ros s l ink ing  and t a r  

POLyllEB HODELS FOB COAL STRUCTURE 

Model polymers have been used i n  our l abora to ry  t o  s tudy  t h e  depolymerization and 
c ross l ink ing  r e a c t i o n s  be l ieved  t o  occur in coa l  (7-10,12). Severa l  of the 
s t r u c t u r e s  s tud ied  a r e  i l l u s t r a t e d  in Fig. 8. For so f t en ing  coa l s  (no cross l ink ing) ,  
t he  ethylene-bridged polymers, 111, #3 and 1 4  were used. The use of t h i s  type of 
polymer allowed examinations of t h e  combined py ro lys i s  and evapora t ion  processes in a 
well-characterized mater ia l .  The t a r  format ion  from t h e  polymer has  a number of 
s i m i l a r i t i e s  w i th  bituminous coal.  
oligomers which, l i k e  coal,  a r e  similar in composition (except f o r  molecular weight) 
t o  t h e i r  parent polymer. 
evaporation, t a r  formation must involve bond breaking. The weak bonds in t h e  polymer 
system a re  between t h e  two a l i p h a t i c  b r idge  carbons. These e thylene  br idges  a r e  
expected t o  have bond energ ies  s i m i l a r  t o  the  bonds con t ro l l i ng  t a r  formation in 
coals. The hydrogens in t he  e thylene  br idges  a l s o  supply donatable hydrogens f o r  
f r e e  r a d i c a l  s t a b i l i z a t i o n .  F ina l ly ,  l i k e  bituminous coa l ,  t hese  polymers mel t  p r io r  
t o  t a r  formation. The vapor pressures  f o r  t h e  pure hydrocarbon molecules from the  
polymers a re ,  however, expected t o  be h igher  than f o r  t he  same s i z e  molecules i n  
coa ls .  

A comparison of k i n e t i c  r a t e  cons t an t s  f o r  s e v e r a l  of t he  polymers, some model 
compounds and coa l  is presented in Fig. 9. 
r a t e  f o r  polymer #1 is s i m i l a r  t o  t h a t  f o r  bibenzyl (18,19), but somewhat lower than 
t h a t  r ecen t ly  measured f o r  coa l  pyro lys i s  (10,15,16). The bond breaking r a t e s  f o r  
t he  ethylene bridged methoxy-benzene polymer, 112, and an e thylene  bridged anthracene 
polymer, #3. were s l i g h t l y  h ighe r  than t h e  format ion  r a t e  f o r  coa l  ta r .  
molecular weight d i s t r i b u t i o n  f o r  the naphthalene polymer in Fig. 10a extends t o  
h igher  masses than f o r  mel t ing  coa ls  ( a s  expected due t o  t h e  h igher  vapor pressure) ,  
but shows similar t rends .  

The r a t e s  of decomposition of e thylene  bridged pure hydrocarbon polymers a r e  in 
reasonable agreement wi th  those  f o r  low rank coa l s ,  but t h e  molecular weight 
d i s t r i b u t i o n s  a r e  q u i t e  d i f f e ren t .  However. t he  product molecular weight 
d i s t r i b u t i o n s  in Pig. 1Oc f o r  polymer 112, which c ross l inks ,  does show the  sha rp  drop i n  
molecular weight exhib i ted  by low rank c o a l s  (Fig. la) .  
t h a t  t h i s  polymer showed a molecular weight d i s t r i b u t i o n  (Fig. lob)  c h a r a c t e r i s t i c  of 
a non-crosslinking m a t e r i a l  (e.g. Fig. loa)  a t  a lower temperature.  The shape 
changed a t  h igher  tempera tures ,  presumably a s  the  c ros s l ink ing  r eac t ions  s t a r t ed .  

Thermal decomposition y i e l d s  t a r  cons i s t ing  of 

As t h e  o r i g i n a l  polymer molecular weight is too h igh  f o r  

The r e s u l t s  show t h a t  t h e  bond breaking 

The 

I t  is i n t e r e s t i n g  t o  note 

DEPOLYMERIZATION TBBOBP OF VAWBIZATION AND CROSSLIMKIIJG 

The i n i t i a l  r eac t ions  occurr ing  during c o a l  l i q u e f a c t i o n  a r e  thought t o  involved 
homolytic cleavage of weak bonds between aromat ic  r i n g s  i n  c o a l s  followed by 
s t a b i l i z a t i o n  of the  f r e e  r a d i c a l s  by donatab le  hydrogens from t h e  coa l  or  
l i que fac t ion  so lvent  and t r anspor t  of t he  products away from the  r eac t ion  zone (or  
coa l  p a r t i c l e )  (1,2,20,21). The r a d i c a l s  can a l s o  decompose, rear range ,  and condense 
wi th  o ther  r a d i c a l s  o r  molecules (7,8, 12, 22-24). These secondary r eac t ions  lead  to  
t h e  evolu t ion  of l i g h t  gases  and t o  the  format ion  of c ross l inks .  The processes of 
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depolymerization, gas  evolut ions,  and c ross l ink ing  a r e  thought t o  be in competi t ion 
w i t h  each o the r  (7,8,12,25). 
r eac t ion  condi t ions and t h e  a v a i l a b i l i t y  of donatable  hydrogens. These r eac t ions  
have been s tud ied  ex tens ive ly  and modeled f o r  a s e r i e s  of polymers r ep resen ta t ive  of 
c o a l  s t r u c t u r e  by Solomon and King (7) and Squire  and Solomon (8,12,24). 
t heo r i e s  combine random cleavage of weak bonds ( s i m i l a r  t o  t h e  concept used by 
Gavalas e t  a l .  (26) w i t h  t r a n s p o r t  of depolymerization fragments by vapor i za t ion  and 
d i f fus ion  ( l i k e  Unger and Suuberg (25) t o  p red ic t  product y i e l d s  and composition. 

The Depolymerization Equation f o r  Ethylene Bridged Polymers - The weak bonds in t h e  
depolymerization-vaporization-crosslinking (DVC) theory a r e  the  e thy lene  b r idges  which 
homolyt ical ly  c leave as a f i r s t  o rde r  process wi th  r a t e  cons t an t  kD (see Fig. 9) t o  
form two methyl groups. 
CHzCH2- bonds a r e  capped by a b s t r a c t i n g  two hydrogens from a second ethylene bridge. 
The o v e r a l l  s to i ch iomet ry  f o r  t h e  depolymerizat ion r e a c t i o n  in t h e  DVC model is ,  
therefore ,  two ethylene br idges r e a c t  t o  form t w o  methyl groups and an o l e f i n i c  
(-CH=CH- ) b r i dg e. 

The C r o s s l i n k i n g  E q u a t i o n  - The c ross l ink ing  r e a c t i o n  is modeled as abond  formation 
between the  c r o s s l i n k  sites on any t w o  monomers. 
on the same polymer a r e  allowed. 
formation a r e  modeled as t h e  evo lu t ion  of H2 gas. 
c ros s l ink ing  s i t e s  i n  c o a l s  i s  unknown. They could be a s soc ia t ed  w i t h  phenols o r  
carboxyl ic  ac id  groups or could simply be s i t e s  where r i n g  condensations occur. We 
have found t h a t  an important  property of c r o s s l i n k  s i t e s  i s  t h a t  t h e  p robab i l i t y  of 
having a c ros s l ink  s i te  i n  t h e  molecule goes up with t h e  number of monomers in t h e  
molecule. 
than are s h o r t  polymer chains.  
d i s t r i b u t i o n s  which a r e  c h a r a c t e r i s t i c  of c ros s l ink ing  polymers. For t h e  s imula t ions  
presented i n  t h i s  paper f o r  polymer 114 w e  have assumed t h a t  t h e  c ros s l ink ing  r eac t ion  
i s  f i r s t  o rde r  i n  t h e  concen t r a t ion  of c r o s s l i n k  sites. The r a t e  cons t an t ,  shown i n  
Fig. 9 was chosen t o  make t h e  c ros s l ink ing  r e a c t i o n  f a s t e r  than depolymerizat ion a t  
300°C but s lower a t  900°C f o r  t h e  benzene polymer 114. 

The V a p o r i z a t i o n  E q u a t i o n s  - The vapor i za t ion  p a r t  of t h e  DVC model i s  t r e a t e d  in t h e  
same manner as i n  t h e  Solomon and King model (7). 
molecular weight,  temperature  and pressure.  

Monte Carlo S i m u l a t i o n  Techn iques  - I n  so lv ing  the  DVC model, i t  i s  necessary to keep 
t r ack  of t h e  s t r u c t u r e  of each polymer molecule as bonds break and c r o s s l i n k s  form. 
This  has  been accomplished through use of Monte Carlo so lu t ion  technique. This 
technique fol lows a r ep resen ta t ive  sample of polymer molecules through probable 
py ro lys i s  react ions.  The a p p l i c a t i o n  of t he  technique t o  depolymerizat ion and 
vaporizat ion of polymers has  r e c e n t l y  been descr ibed (12). 
added c ross l ink ing  r eac t ions  t o  the  model. 
of t he  r eac t ion  chemistry involving l a r g e  numbers of oligomers. 
bridged polymer, t h e  model keeps t r a c k  of t h e  concen t r a t ions  of e thy lene  and o l e f i n i c  
bridges,  methyl groups, c r o s s l i n k  s i t e s ,  c ros s l ink ing  br idges,  and evolved H2 gas. 
The molecular weights  of each polymer chain a r e  a l s o  cont inuously monitored i n  o rde r  
t o  determine t h e i r  v o l a t i l i t i e s .  Examples of t hese  Monte Carlo s o l u t i o n s  t o  t h e  DVC 
model f o r  t he  benzene polymer, 14, a r e  presented i n  Figs. 11 and 12 for a polymer of 
chainlength 30. 
group , including smaller and larger masses due to t h e  pressure or absence of methyl 
groups o r  hydrogen. 

The Effects of Cross l ink  S i t e  Densities - I n  Fig. 11 the  p robab i l i t y  of each monomer 
containing a c r o s s l i n k  s i te  was va r i ed  from 67 t o  0%. 
constant.  The r e spec t ive  char  y i e l d s  decrease from 55 t o  0%. I n  add i t ion ,  the 
average molecular weights  of t h e  t a r s  i nc rease  from 286 t o  389 amu. 
averages f o r  molecular weights  a r e  accompanied by higher  concentrat ions of t he  l a r g e r  

The r e l a t i v e  importance of  each one is determined by 

These 

The r a d i c a l s  which a r e  formed during homolysis of t hese  - 

Crossl inks between s e p a r a t e  s i t e s  
The hydrogens which a r e  f reed during t h i s  bond 

The exact  na tu re  of t h e  

Long polymer chains  con ta in ing  many monomers a r e  more l i k e l y  t o  c r o s s l i n k  
Th i s  behavior l eads  t o  t a r  molecular weight 

The r a t e  of vapor i za t ion  depends on 

In t h i s  work w e  have 
The model a l lows  a d e t a i l e d  desc r ip t ion  

For t h e  e thy lene  

The f i g u r e s  show t h e  t o t a l  number of molecules i n  each ol igomer 

The hea t ing  rate was held 

These increased 
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polymer fragments. 
c ros s l ink  s i t e  i s  assumed t o  be equal f o r  every monomer. 
more c ros s l ink  sites and a re ,  t he re fo re ,  more l i k e l y  t o  be l o s t  i n  c ros s l ink ing  
reac t ions .  
concent ra t ions  of h igh  molecular weight polymer cha ins  and a s h i f t  i n  t h e  tar ( those  
polymer chains which succeed i n  v o l a t i l i z i n g )  towards lower average molecular 
weights. The p r e d i c t i o n  f o r  67% cross l ink ing ,  F ig .  l l a  shows the  t r ends  of t h e  
c ross l inked  polymer (Fig. 1Oc) and the  low rank c o a l s  (Figs. l a  and 3a). The 
predic t ion  wi th  0% c r o s s l i n k s  (Fig. l lc)  show t h e  t r ends  of t he  hydrocarbon polymer 
(F ig .  l oa ) ,  t h e  h i g h  r a n k  c o a l s  (F ig .  I d ) ,  t h e  m e t h y l a t e d  c o a l ,  Fig.  3b and t h e  h igh  
h e a t i n g  r a t e  c a s e  (F ig .  5c). 

The E f f e c t s  of B e a t i n g  Rates - I n  Fig. 12 t he  e f f e c t s  of heat ing  r a t e s  on tar 
molecular weight d i s t r i b u t i o n s  a r e  simulated.  
c a r r i e d  out f o r  an e thy lene  bridged benzene polymer i n  which 67% of the  monomers 
contained c ross l ink  sites. 
char  y i e lds  a r e  decreased from 56 t o  13% and the  f a l l  o f f  i n  molecular weight occurs 
a t  higher values.  
a l l  of t h e  p rocesses  l ead ing  t o  t a r  format ion  take  p lace  a t  higher temperatures.  
These higher tempera tures  change the  r e l a t i v e  speeds of t h e  depolymerization, 
vapor iza t ion ,  and c r o s s l i n k i n g  processes.  As shown i n  Fig. 9, a t  h igh  temperatures,  
depolymerizations a r e  f a s t e r  than the  c ros s l ink ing  reac t ions .  The  n e t  r e s u l t  is t ha t  
depolymerizations a t  Very h igh  hea t ing  r a t e s  r ap id ly  reduce the  molecular weight of 
t h e  polymer molecules,  making them v o l a t i l e  enough t o  escape a s  t a r ,  before the  
c ros s l ink ing  r e a c t i o n s  can  t r a p  them i n t o  the  char. Char y i e l d s  are decreased and 
more dimers, t r imers ,  and t e t r amers  v o l a t i l i z e  a s  tar. I n  Fig. 12d a t a r  molecular 
weight d i s t r i b u t i o n  is presented  f o r  t h i s  polymer when i t  conta ins  no c r o s s l i n k  sites 
but i s  s t i l l  heated a t  20,000 !Us. It can be seen  t h a t  t he  shapes and average t a r  
molecular weights of t h e  s imula ted  mass spec t r a  f o r  20,000 K/s t a r s  a r e  nea r ly  the  
same with (Fig. 12c) OK without (Fig. 12d) c r o s s l i n k  sites. Apparently, a t  t hese  
very  high hea t ing  rates the  e f f e c t s  of the  c ros s l ink ing  r eac t ions  a r e  minimized. 

These s imula t ions  provide  an explana t ion  f o r  t h e  changes wi th  hea t ing  r a t e s  observed 
i n  the  FIMS spec t r a  of l i g n i t e  tars, Fig. 5. A t  low hea t ing  r a t e s ,  Fig. 5a, the  FIMS 
spectrum shows the  r ap id  f a l l -o f f  wi th  inc reas ing  m O l e C U h t  weight which is 
c h a r a c t e r i s t i c  of a c ros s l ink ing  polymer. 
c ros s l ink ing  becomes l e s s  important and more dimers,  t r imers ,  etc. can v o l a t i l i z e .  
A t  t h e  very h igh  hea t ing  r a t e ,  Pig. Sc, t he  e f f e c t s  of t h e  c ros s l ink ing  r eac t ions  a r e  
minimized and t h e  FIMS spectrum of a l i g n i t e  looks very much l i k e  t h a t  of a 
bituminous coal. 

T h i s  occurs  because t h e  p robab i l i t y  of a monomer conta in ing  a 
Long polymer cha ins  conta in  

The ne t  e f f e c t  of c ros s l ink ing  is a p r e f e r e n t i a l  decrease  i n  the  

The s imula t ions  of Figs. 12a-c were 

A s  hea t ing  rates a r e  increased  from 3 K/min t o  20.000 K / s  

When pyro lyses  a r e  c a r r i e d  ou t  under high hea t ing  r a t e  condi t ions ,  

As hea t ing  r a t e s  a r e  increased ,  

COPYCLIlSIOES 

1. In pyrolys is  (as i n  l i que fac t ion )  low rank coa l s  undergo c ross l ink ing  r eac t ions  
which reduce the  c h a r ' s  f l u i d i t y  and l ead  t o  low y i e l d s  of  low molecular weight 
so lub le  products wi th  i n e f f i c i e n t  use of the  c o a l ' s  i n t e r n a l  donatable hydrogen. 

2. 
c o a l s  become f l u i d  and produce h igher  y i e l d s  of high molecular weight products. 

3. Cross l ink ing  behavior was observed i n  an e thylene  l inked  benzene polymer 
conta in ing  methoxyl groups. 
c r o  s s l ink ing  behavior. 

4 .  
combined depolymerization, c ros s l ink ing  and vapor iza t ion  process. 

These r eac t ions  can  be reduced by methyla t ion  o r  wi th  high hea t ing  r a t e s  where the 

S i m i l a r  polymers wi thout  methoxyl groups do not show the 

The r e s u l t s  have been success fu l ly  s imula ted  us ing  a Monte Carlo model f o r  t h e  
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DISSOLUTION OF SULFUR COMPOUNDS I N  COAL AND COAL-DERIVED PYRITE 
WITH PERCHLORIC A C I D  

Chr is  W. kGowan* and Richard Markuszewski 
Ames Laboratory, Iowa State Un ivers i ty ,  Ames, Iowa 50011. 

ABSTRACT 

Knowledge o f  t h e  ease by  which var ious s u l f u r  forms contained i n  
coal  can be removed dur ing  treatment under o x i d i z i n g  cond i t ions  can be 
used as a gu ide l ine  f o r  c o n t r o l l i n g  process cond i t ions  dur ing  desu l fu r -  
i z a t i o n .  To inves t iga te  these proper t ies,  p e r c h l o r i c  ac id  was chosen 
as the  o x i d i z i n g  agent because i t s  p o t e n t i a l  can be var ied  by  changing 
i t s  concentrat ion.  The stepwise ox ida t ion  o f  an I l l i n o i s  #6 coal and a 
coal-derived p y r i t e  was e f fec ted  by c a r r y i n g  out  the  reac t ions  i n  a 
modif ied Bethge apparatus t o  cont ro l  t h e  b o i l i n g  p o i n t  and thus t h e  
concentrat ion and o x i d i z i n g  power o f  p e r c h l o r i c  acid. 
termined as s u l f a t e  i n  t h e  r e a c t i o n  mixture.  V o l a t i l e  s u l f u r  gases 
were trapped i n  an aqueous hydrogen perox ide scrubber and determined as 
su l fa te .  S u l f a t i c  s u l f u r  and t h e  o ther  forms o f  s u l f u r  i n  coal were 
c l e a r l y  del ineated. Some de l ineat ion  was made between p y r i t i c  s u l f u r  
and organic s u l f u r .  However, t h e  an t ic ipa ted  d e l i n e a t i o n  between v a r i -  
ous organic s u l f u r  forms was not observed. Tota l  s u l f u r  was recovered 
from the  r e a c t i o n  o f  coal w i t h  b o i l i n g  concentrated p e r c h l o r i c  ac id  a t  
203'C. 
ye l low p r e c i p i t a t e  i d e n t i f i e d  as f e r r i c  hydrox ide s u l f a t e .  

INTRODUCTION 

S u l f u r  was de- 

The o x i d a t i o n  o f  large samples o f  p y r i t e  (>0.1 g) produced a 

O f  the  various methods proposed f o r  t h e  d e s u l f u r i z a t i o n  o f  coal , 
several have involved t h e  use o f  o x i d i z i n g  cond i t ions .  By knowing the  
ease w i t h  which the various s u l f u r  species i n  coal can be removed, the 
o x i d a t i o n  cond i t ions  used dur ing a process could be opt imized f o r  maxi- 
mum s u l f u r  removal and recovered heat content. The ease o f  removal o f  
s u l f u r  species i n  coal can be measured by us ing p e r c h l o r i c  ac id  as an 
o x i d i z i n g  agent. Th is  paper discusses the r e a c t i o n  o f  p e r c h l o r i c  ac id  
w i t h  s u l f u r  i n  coal and i n  a coal -der ived p y r i t e  and t h e  r e l a t i o n s h i p  
o f  the s u l f u r  products produced i n  these reac t ions .  

It was hoped t h a t  by  vary ing the  b o i l i n g  p o i n t  o f  p e r c h l o r i c  acid, 
and thus i t s  concentrat ion,  some d e l i n e a t i o n  among t h e  var ious forms o f  
s u l f u r  i n  coal could be made. Perch lo r ic  ac id  was chosen as an o x i d i z -  
i n g  agent because t h e  apparent reduc t ion  p o t e n t i a l  o f  p e r c h l o r i c  a c i d  
can be var ied  by changing i t s  concentrat ion as a f u n c t i o n  o f  b o i l i n g  
temperature. I n  t h i s  manner, stepwise ox ida t ion  o f  t h e  s u l f u r  species 
could be performed by  vary ing the  reduc t ion  p o t e n t i a l  o f  the  o x i d i z i n g  
agent. Smith (1) has demonstrated t h a t  t h e  apparent reduc t ion  poten- 
t i a l  of p e r c h l o r i c  ac id  r i s e s  s lowly  as t h e  b o i l i n g  p o i n t  and concen- 
t r a t i o n  increase. McGowan and Diehl  (2,3) have used t h i s  p roper ty  o f  
p e r c h l o r i c  ac id  t o  o x i d i z e  the kerogen o f  Green R iver  o i l  shale. 

*Present address: Department o f  Chemistry, Tennessee Technological 
Un ivers i ty ,  Cookevi l l e ,  Tennessee 38505 
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To ta l  s u l f u r  i n  coal has been determined p r e v i o u s l y  using per- 
c h l o r i c  acid i n  combination w i t h  other acids. Smith and Deem (4)  used 
a combination o f  n i t r i c  acid and p e r c h l o r i c  acid t o  ox id ize  the coal 
and then determined s u l f a t e  i n  the r e s u l t i n g  so lu t ion .  They reported 
t h a t  t he  s u l f u r  r e s u l t s  were low, p o s s i b l y  due t o  i n e f f i c i e n t  p rec ip i -  
t a t i o n  o f  b a r i m  s u l f a t e  from p e r c h l o r i c  ac id  so lu t ion .  I n  l i g h t  o f  
the present s tudy  and studies by Kahane (5)  and Bethge (6),  the low 
r e s u l t s  were probably due t o  loss  o f  a v o l a t i l e  s u l f u r  compound. 
S p i e l h o l t z  and Diehl (7)  ox id ized  coal  w i th  a mix tu re  o f  p e r c h l o r i c  
acid and p e r i o d i c  acid. I n  t h a t  study, s u l f u r  gases were trapped i n  3% to2 which was then added t o  the  p e r c h l o r i c  acid so lu t ion ,  bo i l ed  t o  

umes o f  p e r c h l o r i c  acid, and the  t o t a l  su l fu r  was determined as su l -  
f a te .  The t o t a l  s u l f u r  values were cons is ten t  w i th  those determined by 
ASTM procedures. However, there  was a foaming problem w i t h  some coals. 
Those coals t h a t  foamed genera l l y  caused an explosion w i t h  b o i l i n g  
concentrated (70-72%) p e r c h l o r i c  acid, but  explosions were avoided i f  a 
s t a r t i n g  concentrat ion of -68% p e r c h l o r i c  acid was used. Being aware 
t o  t h i s  danger, special  precaut ions were taken dur ing  the  course o f  t he  
present work. Markuszewski e t  a l .  (8,9) have determined t o t a l  s u l f u r  
i n  coal using a mix tu re  o f  n m ,  phosphoric, and p e r c h l o r i c  acids f o r  
the d i s s o l u t i o n  and determining s u l f a t e  i n  the r e s u l t i n g  so lu t i on  by 
nephelometry. As shown i n  the present work, a d d i t i o n  o f  phosphoric 
acid i n h i b i t s  the  format ion o f  v o l a t i l e  s u l f u r  gases. 

The present i n v e s t i g a t i o n  consisted o f  four  ser ies o f  experiments. 
The f i r s t  was the  o x i d a t i o n  o f  an as-received I l l i n o i s  #6 coal, the 
second was the  o x i d a t i o n  o f  a f i n e l y  ground sample o f  t he  same I l l i n o i s  
#6 coal, the t h i r d  was the o x i d a t i o n  o f  1.0-g samples o f  coal-der ived 
pyr i te ,  and t h e  f o u r t h  was the o x i d a t i o n  o f  0.06-9 samples o f  the coal-  
der ived p y r i t e .  To f o l l o w  the course o f  t he  oxidat ion,  the mount  o f  
s o l i d  remaining a f t e r  the  react ion,  t he  amount o f  s u l f a t e  s u l f u r  i n  t h e  
aqueous phase, and the  amount o f  s u l f u r  c o l l e c t e d  from the  vapor phase 
dur ing the  r e a c t i o n  were monitored. 

EXPERIMENTAL 

The I l l i n o i s  #6 ( I L  6) coal used i n  t h i s  study came from the Cap- 
t a i n  Mine, Percy, I l l i n o i s ,  and i s  described f u r t h e r  i n  the  Pmes Labor- 
a to ry  Coal L i b r a r y  repo r t  (10). P e r c h l o r i c  acid ox ida t ions  o f  the coal 
were performed on as-received and on ground samples. Gr inding was 
performed t o  make the sample more homogeneous. The coal-der ived p y r i t e  
( C P  1) was separated from an Iowa coal  dur ing c leaning (Chuang e t  al., 
1980). The sample was ground t o  -16 mesh, w i th  a t  l eas t  75% b e i n g 1 0 0  
mesh. Acids used were commercial reagent grade. A l l  p e r c h l o r i c  acid 
ox ida t ions  were done w i th  a modif ied Bethge apparatus, described by 
McGowan and D ieh l  (2) ,  i n  a hood and behind an explosion shield.  

Several d i f f e r e n t  samples were ox id ized  w i t h  p e r c h l o r i c  acid o f  
varying concent ra t ion  and b o i l i n g  po in t .  I n  the  tables, the sample 
designations I L  6 and CP 1 are fo l lowed by the b o i l i n g  po in t  of the  
p e r c h l o r i c  a c i d  used t o  ox id ize  a p a r t i c u l a r  sample. A lower case 
l e t t e r  fo l low ing  the b o i l i n g  po in t  i n d i c a t e s  t h a t  more than one 

I 

I 
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reac t ion  was run  a t  t h a t  b o i l i n g  p o i n t  employing d i f f e r e n t  experimental 
condi t ions.  

For the ox ida t ion  experiments, p e r c h l o r i c  a c i d  was added t o  t h e  
Bethge apparatus, and t h e  b o i l i n g  p o i n t  ad justed t o  the  des i red temper- 
ature. By vary ing t h e  i n i t i a l  amount o f  p e r c h l o r i c  ac id  added, a f i n a l  
volume o f  approximately 50 mL was obtained. A f t e r  cool ing,  5 or  10 mL 
of phosphoric ac id  was added f o r  some o f  the  p y r i t e  ox idat ions.  A 
weighed sample o f  the  coal o r  p y r i t e  was placed i n  the  Bethge appara- 
tus, and a gas absorpt ion b o t t l e  conta in ing  100 mL o f  15% H,O was 
added t o  the  top  o f  the  Bethge apparatus ( t h i s  absorpt ion bo t8 le  was 
not used on the  as-received coal samples). Using n i t rogen as a purge 
gas, the  reac t ion  vessel was heated and t h e  s t a b l e  r e a c t i o n  temperature 
was noted. The r e a c t i o n  was allowed t o  proceed f o r  1.5 hours, and then 
t h e  heat was removed. For t h e  ground coal samples foaming was a prob- 
lem. To overcome t h i s  foaming problem, t h e  heat  was removed when foam- 
i n g  began and reapp l ied  when foaming ceased. Eventual ly ,  foaming 
ceased completely, and t h e  r e a c t i o n  mix tu re  was allowed t o  reach t h e  
b o i l i n g  po in t .  The system was purged f o r  30 minutes w i t h  n i t rogen.  
The s o l u t i o n  i n  t h e  absorpt ion b o t t l e ,  designated w i t h  an end l e t t e r  
"G", was b o i l e d  t o  insure  o x i d a t i o n  o f  t h e  s u l f u r  t o  s u l f a t e  and t o  
reduce the volume t o  25 mL. 
t h e  s u l f a t e  was determined by  i o n  chromatography. 
reac t ion  mixture was f i l t e r e d .  
l e t t e r  "S", was d r i e d  a t  60' i n  a vacuum oven and weighed. The per- 
centage undissolved m a t e r i a l  was ca lcu la ted .  
nated w i th  an end l e t t e r  "P", was d i l u t e d  t o  250 mL and analyzed f o r  
s u l f a t e  by nephelometry. 

v i c e s  o f  k e s  Laboratory. I L  6 was analyzed by the ASTM procedure. 
CP 1 was analyzed f o r  t o t a l  s u l f u r  us ing a F isher  Tota l  S u l f u r  Ana- 
l y z e r .  It was assumed t h a t  a l l  o f  t h e  s u l f u r  e x i s t e d  as p y r i t i c  s u l f u r  
i n  t h e  p y r i t e  sample. The r e s u l t s  o f  these analyses appear i n  Table 1. 

I n  the  aqueous phase o f  each reac t ion ,  s u l f a t e  was determined by  
p r e c i p i t a t i o n  w i t h  barium and t h e  t u r b i d i t y  o f  t h e  r e s u l t a n t  barium 
s u l f a t e  suspension was measured spect rophotometr ica l ly .  
t h e  aqueous phases conta ined a s o l i d  mater ia l ,  the  so lu t ions  were a l -  
lowed t o  s i t  a t  l e a s t  overn ight ,  and the  sample used f o r  the  ana lys is  
was p ipe t ted  from the  supernatant l i q u i d .  Since most o f  t h e  so lu t ions  
were also colored, t h e  absorbance o f  the  sample wi thout  added barium 
was measured and subtracted from the  absorbance o f  the  t e s t  so lu t ions .  

RESULTS AND DISCUSSION 

The s u l f a t e  r e s u l t s  from t h e  aqueous phases o f  the  as-received coal  and 
the ground coal samples appear i n  Table 2 and Table 3, respec t ive ly .  
A t  temperatures o f  150" and below, t h e  s u l f a t e  content  i n  t h e  aqueous 
phase i s  constant and i n  the  range o f  s u l f a t i c  s u l f u r  repor ted by t h e  
ASTM procedure. 
undergone some o x i d a t i o n  s ince the  ASTM assay. 

The samples were then d i l u t e d  t o  50 mL and 
A f t e r  cool ing,  t h e  

The s o l i d  phase, designated w i t h  an end 

The aqueous phase, desig- 

The s o l i d  samples were analyzed f o r  s u l f u r  by  t h e  A n a l y t i c a l  Ser- 

Since some of 

This  i s  n a t i v e  s u l f a t e  i n  t h e  coal which may have 
Above 150', t h e  s u l f a t e  
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content begins t o  increase r a p i d l y  up t o  165", reaching a p o i n t  which 
i s  somewhat below the  assay f o r  s u l f a t i c  plus p y r i t i c  s u l f u r .  
increase then slows w i th  increased temperature t o  a value somewhat less  
than the t o t a l  s u l f u r  assay. 

Note t h a t  the r e s u l t s  for  t he  ground sample appear t o  have more 
"noise" than t h e  as-received sample a t  temperatures o f  about 170' and 
e s p e c i a l l y  a t  203'. This was probably due t o  the  foaming o f  samples 
about 170" and the lowering o f  t h e  temperature u n t i l  foaming ceased. 
Hence, these r e a c t i o n s  spent more t ime at  lower temperatures, where t h e  
product ion o f  s u l f u r  gases was favored. The as-received samples d i d  
not have a foaming problem. There were some h igh  r e s u l t s  f o r  t w o  o f  
t he  reac t ions  w i th  as-received coals.  These r e s u l t s  were most l i k e l y  
due t o  a sampling problem w i t h  the  as-received coal, i.e., a la rge  
p a r t i c l e  o f  p y r i t e  was observed i n  some o f  the  1-g samples which would 
give an unrepresentat ive high s u l f u r  value f o r  t h a t  sample. Thus, t he  
as-received coa l  posed a sampling problem which was a l l e v i a t e d  by 
g r i n d i n g  the sample. 
ing .  

act ion,  the gases produced dur ing the r e a c t i o n  were bubbled through a 
s o l u t i o n  conta in ing  15% H,O . 
i o n  chromatography, the pro%uct ion  o f  s u l f u r  gases was low a t  low tem- 
peratures, increased as the  temperature increased, and then decreased 
as the temperature increased above 170'C. This i n d i c a t e d  t h a t  s u l f u r  
gases were produced a t  low temperatures when the o x i d i z i n g  a b i l i t y  o f  
p e r c h l o r i c  ac id  was low. As the o x i d i z i n g  a b i l i t y  o f  p e r c h l o r i c  acid 
increased, the  product ion o f  s u l f a t e  was favored. The low r e s u l t s  a t  
170' and 203'C appeared t o  be due t o  an u n i d e n t i f i e d  systematic e r ro r  
introduced on the same day o f  analysis.  
apparent ly due t o  t he  l a rge  mount  o f  t ime t h i s  p a r t i c u l a r  sample spent 
a t  lower temperatures t o  overcome the  foaming problem described e a r l i e r  
f o r  the  ground coals. There are several s u l f u r  compounds t h a t  could be 
produced in  these reac t ions .  
f i d e ,  su l fu r  d ioxide, and carbonyl s u l f i d e  were l i k e l y  gases produced. 
Since some s u l f u r  gases are produced at  130'C where p e r c h l o r i c  acid has 
very  l i t t l e  o x i d i z i n g  abil ity, some na t i ve  s u l f i d e  may have been con- 
verted t o  hydrogen su l f i de .  
( t h e  sum of t he  s u l f a t e  i n  the  aqueous s o l u t i o n  and the trapped s u l f u r  
gases) i n d i c a t e d  t h a t  approximately 95% o f  the  t o t a l  s u l f u r  was recov- 
ered a t  180' and 100% was recovered a t  190' and above. 

I n  order t o  ascer ta in  the e f f e c t  o f  p e r c h l o r i c  acid on FeS2, sev- 
e ra l  samples o f  a coal-der ived p y r i t e  were dissolved. 
series, 1-g samples o f  p y r i t e  were used so t h a t  a la rge  amount o f  su l -  
f a t e  would be produced making the determinat ion o f  s u l f a t e  i n  a la rge  
excess of p e r c h l o r i c  acid easier.  The r e s u l t s  appear i n  Table 4. A t  
temperatures below 164', t he  reac t ions  proceeded as expected. However, 
above 164O a ye l low p r e c i p i t a t e  formed. The amount o f  p r e c i p i t a t e  
produced increased as the b o i l i n g  po in t  o f  p e r c h l o r i c  ac id  increased, 
w i th  the makimun amount produced a t  203'. When 2 reac t ions  were run on 
0.1-g samples a t  203', the yel low p r e c i p i t a t e  formed again, but the 

The 

However, t he  ground coal had a problem w i t h  foam- 

For the ground coal reac t ions  and f o r  one as-received coal re -  

Based on the s u l f a t e  determined using 

The high r e s u l t  a t  203" was 

Bethge (6) proposed tha t  hydrogen su l -  

The data f o r  t he  t o t a l  s u l f u r  recovered 

I n  the  f i r s t  
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re la t ive  mount was s igni f icant ly  smaller. 
tered, vacuun dried a t  60', and analyzed by a scanning electron micro- 
probe (SEM) t o  reveal the presence of iron and sulfur  as the major 
components of the sol id .  
oxygen was not eliminated as a component, b u t  chlorine was eliminated. 
X-ray diffract ion analysis proved the sol id  t o  be f e r r i c  hydroxide 
sulfate ,  Fe(OH)(SO ). Analysis of the sol id  produced a t  194' gave a 
resu l t  of 17.6% to?al sulfur  ( theoret ical  i s  18.99% sul fur ) .  Recogniz- 
ing the presence of s i l i c a  and residual coal impurities, t h i s  r e s u l t  
was remarkably close. There are many f e r r i c  hydroxy su l fa tes  known 
which vary mostly by hydration b u t  also by the r a t i o  of iron, hydroxide 
and sulfate;  a l l  of these compounds are yellow and prec ip i ta te  from 
acid solution (12). Sulfate  was also determined in the aqueous phases 
using nephelometry; however, no correlat ions could be made. 

Since no yellow precipi ta te  was formed during the coal oxidations, 
i t  was decided t o  oxidize CP 1 samples tha t  would correspond in s ize  t o  
the amount of pyri te  known t o  be in the coal sample, i.e., 0.06-9. 
Several reactions were r u n ,  some with the addition of phosphoric acid 
in an attempt t o  drive the dissolution of pyri te  by forming an iron- 
phosphate complex. Phosphoric acid has been used with perchloric acid 
t o  speed the dissolution of iron ores (13). 

The resu l t s  of these reactions appear in Table 5. Microscopic 
observation of the solid material from each reaction showed t h a t  no 
yellow precipi ta te  formed during these reactions. 
undissolved material was determined for  each reaction except those a t  
203'C; the undissolved material f o r  203' reactions was qui te  small and 
existed as small white c rys ta l s ,  probably quartz. In general, the 
addition of phosphoric acid does not increase the dissolution of pyrite 
a t  low temperatures (150-160°C). In f a c t ,  phosphoric acid appears t o  
inhibi t  dissolution a t  these temperatures. Even though over 90 percent 
of the sample was dissolved by perchloric acid a t  155-160', the  remain- 
ing solid s t i l l  contained a sm!ll amount of pyrite. However, no pyrite 
was observed a t  170" or a t  203 . Sulfate  was determined in the aqueous 
phase using nephelometry and in the  peroxide t r a p  using ion chroma- 
tography. With no phosphoric acid present, to ta l  sulfur recovered 
approached 100% for  boiling points of 160" and above ( t o t a l  sulfur  in  
the sample was assayed a t  42.77%). 
160' produced a much lower sulfur recovery, b u t  the  presence of phos- 
phoric acid a t  203' produced a sulfur  recovery identical t o  tha t  for 
perchloric acid alone a t  203', both approaching 100%. 
phosphoric acid a t  203' did inhibi t  the formation of sulfur gases. 
Only 0.1% sulfur  was recovered in the peroxide t rap ,  while 39.9% sul fur  
was recovered as s u l f a t e  in the aqueous phase. 

CONCLUSIONS 

no oxidizing a b i l i t y  other than the  hydrogen ion, 
remove sulfate .  
perchloric acid with a boiling point below 150', and measuring the  
sulfate  in the reaction mixture. Boiling perchloric acid a t  160', 
approximately 1.5 vol ts  (14), is  required t o  remove 100% of the pyrite. 

The precipi ta te  was f i l -  

Since SEM can detect a l l  elements above neon, 

The percentage of 

The presence of phosphoric acid a t  

The presence of 

Sulfat ic  sulfur in coal can be removed by perchloric acid t h a t  has 
Any hot acid should 

Sul fa t ic  sulfur in coal can be determined by using 
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However, a t  t h i s  temperature, some ox ida t ion  o f  the organic mater ia l  
w i l l  also occur. About 80% o f  t h e  p y r i t e  can be removed a t  150', ap- 
p rox imate ly  1.3 v o l t s ,  w i thout  s i g n i f i c a n t  ox ida t ion  o f  the  organic 
mater ia l .  A b o i l i n g  p o i n t  o f  180', approximately 1.7-1.8 vo l ts ,  i s  
necessary t o  remove the  organic s u l f u r .  However, a t  t h i s  temperature 
the  organic m a t e r i a l  has been ox id ized  t o  the  p o i n t  d i s s o l u t i o n .  
su l fu r  i n  coal  can be determined w i t h  b o i l i n g  concentrated p e r c h l o r i c  
ac id .  Two forms o f  su l fu r  are produced as r e a c t i o n  products: s u l f u r  
which i s  r e t a i n e d  i n  s o l u t i o n  as s u l f a t e  and a su l fu r -conta in ing  gas 
which can be removed i n  a peroxide t rap.  Both forms o f  s u l f u r  need t o  
be measured f o r  t h e  determinat ion of  t o t a l  s u l f u r .  Since phosphoric 
ac id  i n h i b i t s  the  format ion o f  s u l f u r  gases a t  203", it may be poss ib le  
t o  determine t o t a l  su l fu r  wi thout  measuring the  s u l f u r  trapped by the 
peroxide s o l u t i o n .  

drox ide s u l f a t e  i f  the concentrat ion o f  i r o n  and s u l f a t e  are h igh 
enough. 
sample w i l l  form a small amount, and a 1.0-g sample w i l l  form a la rge  
amount o f  p r e c i p i t a t e .  The o x i d a t i o n  o f  a 1.0-9 sample o f  coal  which 
conta ins approx imate ly  0.06-9 o f  p y r i t e  does not  form any observable 
p r e c i p i t a t e .  It i s  poss ib le  t h a t  a small amount o f  s u l f a t e  may be t i e d  
up w i th  i r o n  i n  t h e  r e a c t i o n  mixtures o f  the coal  and 0.06-9 p y r i t e  
samples. This  may account f o r  t h e  f a c t  t h a t  t h e  r e s u l t s  f o r  s u l f u r  
recovery never q u i t e  approach the t h e o r e t i c a l  (even though they are 
wi th in  5% o f  the  t h e o r e t i c a l ) .  

T o t a l  

The o x i d a t i o n  o f  p y r i t e  can produce a p r e c i p i t a t e  o f  f e r r i c  hy- 

A 0.06-9 sample o f  p y r i t e  does not form a p r e c i p i t a t e ;  a 0.1-g 

ous 

1. 

2. 

3. 

4. 

5. 

6. 

Clean d e l i n e a t i o n  has been made between s u l f a t i c  s u l f u r  and t h e  
o ther  forms o f  s u l f u r .  
s u l f u r  and organic  s u l f u r .  The an t ic ipa ted  d e l i n e a t i o n  among the v a r i -  

Some de l ineat ion  has been made between p y r i t i c  

forms o f  organic  s u l f u r  was not achieved. 
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Table 1. Sulfur Assays f o r  Coal and P y r i t e  Samples ( i n  %) 

Sul f a t i c  P y r i t i c  Organic 
Sample Sul fur  Sul fur  Sul fur  Total 

I L  6 0.26 2.41 2.17 4.85 
CP 1 ---- 42.77a ---- 42.77 

a Assumed tha t  a l l  su l fu r  was p y r i t i c .  
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Table 2. Ox ida t ion  o f  As-Received I l l i n o i s  #6 Coal w i t h  Perch lo r ic  Acid 

Sul fur  
Sample B o i l i n g  Reaction React ion Undissolved Aqueous 
Weight Po in t  Temperature Time M a t e r i a l  As SO,2- 

Sample (9) ('C) ('C) ( h r )  (%) 6) 
116-130 0.9751 134 126 1.5 91.34 0.39 
IL6-140 1.0213 144 135 1.5 93.77 0.46 
IL6-151 0.9991 155 146 1.5 99.43 1.26 
IL6-160 0.9960 164 157-61 1.5 88.91 2.44 
IL6-169 0.9513 173 166 1.5 52.93 6.68 
IL6-170 1.0269 174 166-7 1.5 59.09 3.21 
IL6-179 1.0048 183 174-1 1.5 17.96 3.56 
IL6-180 0.9718 184 175-1 1.5 12.44 4.71 
IL6-190 1.0408 194 183 1.5 8.50 3.98 
IL6-2OOa 0.1431 203 202 0.5 7.41 4.30 
1L6-200b 0.0408 203 202 1.0 7.89 4.54 

Table 3. Resul ts o f  the  Oxidat ion o f  the Ground Coal w i th  Perch lo r ic  Acid 

Sample B o i l i n g  React ion React ion Undissolved Su l fu r  S u l f u r  To ta l  
Weight Po in t  Temp. Time Mater ia l  Aqueous As Gas Sul fur  

Sample (9) ( ' c )  ('C) ( h r )  ( I )  As SO,*- (%) ( X )  

IL6-130b 0.9897 130 124-5 1.5 
IL6-140b 1.0023 140 131 1.5 
IL6-150b 1.0146 150 140-38 1.5 
IL6-160b 0.9996 160 152 1.5 
IL6-170b 0.9904 170 162-3 1.5 
IL6-171b 0.9936 171 162-3 1.5 
I L 6 - 1 8 0 ~  1.0181 180 174 1.5 
IL6-190b 0.9945 190 178-7 1.5 
IL6-203a 0.9974 203 196-9 1.3 
IL6-203bC 1.0190 203 201 1.5 

a These two samples were run on t h e  same day. 
day appeared t o  be low. 

93.63 0.39 0.17 0.56 
91.38 0.41 0.66 1.07 
90.62 0.49 1.44 1.93 
81.18 1.87 1.78 3.65 
31.50 2.65 0.03a 2.68 
34.95 2.78 0.31b 3.09 
14.24 3.06 1.37 4.43 
9.03 4.07 1.03 5.10 
6.94 3.01 1.59 4.60 
7.19 3.43 0.10a 3.53 

A l l  samples run on the i o n  chromatograph t h a t  

This sample went d r y  d u r i n g  processing and H,SO, was l o s t .  

This Sample used t h e  coarse, as-received coa l .  
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Table 4. Results o f  the Oxidation o f  1-9 P y r i t e  Samples w i th  Perch lo r ic  Acid 

S u l f u r  
Sample B o i l i n g  Reaction Reaction Undissolved Aqueous 
Weight Point Temp. Time Materi  a1 As SO,*- 

Sample (9)  ('C) ('C) ( h r )  (%) (%) 

CP1-140 1.0042 144 139 1.5 47.92 4.13 
CP1-150 1.0063 154 149 1.5 11.54 13.6 
CP1-160 1.0027 164 156-8 1.5 11.60 13.2 
CP1-170 1.0185 174 164-6 1.5 19.75a 12.3 
CP1-180 0.9922 184 175-8 1.5 57.11a 6.4 
CP1-190 1.0089 194 186-8 1.5 101. 5a --- 
CP1-200a 0.9794 203 202 1.5 83.2ga --- 
CP1-200b 1.0177 203 202 0.33 78.01a --- 
CP1-2ooc 0.1010 203 203 0.67 3.47a --- 

a A yel low p r e c i p i t a t e  was produced dur ing  the reac t ion .  

Table 5. Results o f  the Oxidation of 0.06-9 Samples o f  P y r i t e  

Sample H,PO, B o i l i n g  Reaction Reaction Undissolved S u l f u r  S u l f u r  To ta l  
Weight Added t o  P o i n t  Temp. Time Mater ia l  Aqueous As Gas S u l f u r  

Sample (9) HCIO, ('C) ('C) ( h r )  (%) (%) (%) (%) 

CP1-150b 0.0577 0 154 152-3 1.5 3.12 21.7 ---- 
CP1-15OC 0.0658 5' 150 145 1.5 22.49' 6.4 28.6 

CP1-160b 0.0604 0 164 157-64d 1.5 2.98 27.3 ---- 
CP1-160d 0.0614 0 160 149 1.5 7.3 17.3 22.8 
CP1-170b 0.0574 0 170 161-66 1.5 1.4 19.5 22.5 
CP1-203b 0.0622 0 203 203 1.0 --- 35.9 3.9 

CP1-156a 0.0613 gb 156 144-5Zd 1.5 15.2 9.3 ---- 

CP1-16Oc 0.0609 I O b  160 152 1.5 20.0 12.0 20.7 

CP1-203c 0.0566 5a 203 200 1.5 --- 39.9 0.1 
- _ _  

a Added a f t e r  b o i l i n g  p o i n t  adjustment. 

Added before b o i l i n g  p o i n t  adjustment. 

Oven temperature reached 170' dur ing  d r y i n g  process causing ox ida t ion .  

Condensate escape dur ing  reac t ion .  

---- 
35.3 
__-- 
__--  
32.9 
40.1 
42.0 
39.8 
40.0 
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INFLUENCE OF REDUCING GAS IN THE COPROCESSING OF COAL AND BITUMEN 

S. Coulombe, P. Rahimi, S. Fouda, M. I ku ra  and H. Sawatzky 

Canada Cen t re  f o r  Mineral  and Energy Technology, Department of Energy, 
Mines and Resources ,  555 Booth S t r e e t ,  Ottawa, O n t a r i o  K1A OG1 

INTRODUCTION 

Coprocessing of bitumen/heavy o i l s  wi th  c o a l s  can o f f e r  a v i a b l e  
rou te  f o r  p roduc t ion  of s y n t h e t i c  c rudes .  Under c e r t a i n  c o n d i t i o n s  t h e s e  
low grade m a t e r i a l s  can have mutual b e n e f i c i a l  s y n e r g i s t i c  e f f e c t s  du r ing  
hydroprocessing.  Also, a d d i t i o n a l  s y n t h e t i c  c rudes  become a v a i l a b l e  from 
coa l  during t h e  upgrading of bitumen/heavy o i l s .  There i s  an added 
advantage o v e r  t he  conven t iona l  c o a l  l i q u e f a c t i o n  process  i n  t h a t  no 
so lven t  r e c y c l i n g  is r equ i r ed .  A comparison is made between s y n t h e s i s  gas 
and hydrogen a s  reducing gases  fo r  t h e  coprocess ing  of an A l b e r t a  
subbituminous C c o a l  and Cold Lake vacuum bottoms. Product y i e l d s  and 
q u a l i t i e s  a r e  compared a t  t w o  l e v e l s  of p rocess ing  s e v e r i t y .  

EXPERIMENTAL 

The feed was a mixture  o f  Cold Lake vacuum bottoms con ta in ing  
83.2% p i t c h  (+525"C m a t e r i a l )  and subbituminous C coal  from Albe r t a  (1).  
This  s l u r r y  was processed under t w o  d i f f e r e n t  reducing feed gases :  pure 
hydrogen and s y n t h e s i s  gas (30 mol % carbon monoxide i n  hydrogen) .  The 
l i q u i d  p roduc t s  were ob ta ined  a t  60% and 70% p i t c h  conversion.  P i t c h  i s  
def ined as t h e  m a t e r i a l  b o i l i n g  above 525°C and p i t c h  conve r s ion  i s  a 
measure of t h e  d i f f e r e n c e  i n  p i t c h  c o n c e n t r a t i o n  be fo re  and a f t e r  
coprocessing (1). 

The p roduc t s  were d i s t i l l e d  t o  o b t a i n  a naphtha f r a c t i o n  
(<205"C),  a d i s t i l l a t e  f r a c t i o n  (205"C-525"C) and a r e s i d u e .  Th i s  r e s idue  
was f u r t h e r  c h a r a c t e r i z e d  by s o l u b i l i t y  i n  o r d e r  t o  q u a n t i t a t e  t h e  r e s i d u a l  
o i l  (pen tane - so lub le )  , t he  a spha l t enes  (pen tane - inso lub le ,  t o luene - so lub le )  
and t h e  p reaspha l t enes  ( t o l u e n e - i n s o l u b l e ,  t e t r a h y d r o f u r a n - s o l u b l e ) .  

The d i s t i l l a t e  p o r t i o n  (205"C-525"C) w a s  combined with the  
r e s i d u a l  o i l  (pentane-soluble  r e s i d u e s )  and hydrocarbon-type s e p a r a t i o n  was 
perfo,nned us ing  a modif ied API procedure developed by Sawatzky et a l .  ( 2 ) .  
A column was packed with s i l i c a - a l u m i n a  adso rben t s .  The s o l v e n t s  and t h e  
sequence of e l u t i o n  of t h e  d i f f e r e n t  f r a c t i o n s  a r e  shown i n  Table 1. 

The polyaromatic  f r a c t i o n  from hydrocarbon-type s e p a r a t i o n  was 
s e p a r a t e d  by HPLC on a bonded amino column i n  o r d e r  t o  q u a n t i t a t e  t he  
t r i a r o m a t i c s ,  t h e  t e t r a a r o m a t i c s  and molecules having f i v e  or more aromatic  
r i n g s  ( 3 , 4 ! ,  

F r a c t i o n s  from hydrocarbon-type s e p a r a t i o n  and polyaromatic 
s u b f r a c t i o n s  from HPLC were c h a r a c t e r i z e d  by gas  chromatography equipped 
wi th  a Dexsi l  300 packed column and FID d e t e c t o r .  Molecular weights of a l l  
aromatic  f r a c t i o n s  and c o n c e n t r a t i o n s  of HPLC s u b f r a c t i o n s  were determined 
from these  runs  according t o  a method publ ished elsewhere ( 4 ) .  
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RESULTS AND DISCUSSION 

The primary c h a r a c t e r i z a t i o n  of t h e  products  is shown i n  Table 2 .  
As expec ted ,  h ighe r  process ing  s e v e r i t y  l eads  t o  l i g h t e r  products .  Gas arrd 
d i s t i l l a t e  y i e l d s  a r e  s i g n i f i c a n t l y  h i g h e r  f o r  t h e  h igh  convers ion  products  
whereas r e s idue  l e v e l s  were d e f i n i t e l y  lower.  

Table 2 shows t h a t  t h e  use of hydrogen r e s u l t s  i n  less r e s i d u e  
and l eads  t o  a h ighe r  coa l  convers ion  a t  both l e v e l s  of  s e v e r i t y .  A l so ,  
t h e  naphtha y i e l d  i s  s i g n i f i c a n t l y  h ighe r  when us ing  hydrogen e s p e c i a l l y  
under lower p i t c h  convers ion .  
favored by t h e  s y n t h e s i s  gas e s p e c i a l l y  a t  h ighe r  p i t c h  conve r s ion .  
may i n d i c a t e  t h a t  when using hydrogen l a r g e r  molecules  a r e  cracked i n t o  
sma l l e r  u n i t s  t o  a g r e a t e r  e x t e n t .  However, most of t h e s e  r e s u l t s  a r e  not  
i n d i c a t i v e  of a d e f i n i t e  trend f o r  d e s i g n a t i n g  t h e  b e s t  reducing  gas  but 
they  i n d i c a t e  t h a t  s y n t h e s i s  gas does not have an adverse  e f f e c t  on t h e  
q u a l i t y  of t h e  products .  
i n  less hydrogen equ iva len t  consumption p a r t i c u l a r l y  at lower s e v e r i t y .  
This  i s  a l s o  a p o s i t i v e  aspec t  of t h e  use of s y n t h e s i s  gas .  

Converse ly ,  d i s t i l l a t e s  over  200°C are 
Th i s  

Never the l e s s ,  t h e  use of  s y n t h e s i s  gas  r e s u l t e d  

Besides product s l a t e ,  q u a l i t y  of t h e  products  i s  obv ious ly  an 
impor tan t  f a c t o r .  Hydrocarbon-type s e p a r a t i o n s  were thus  performed on each 
of t h e  four  samples i n  o rde r  to  a s s e s s  the  q u a l i t y  of  some of  t he  products .  
Only d i s t i l l a t e s  over  200°C combined wi th  t h e  r e s i d u a l  o i l  were used i n  
t h i s  chromatographic s e p a r a t i o n .  Table  3 shows t h a t  t he  d i s t r i b u t i o n  of 
t h e  recovered samples i s  s i m i l a r  f o r  t h e  two reducing gases .  Gas chromato- 
g raph ic  runs of t h e  va r ious  f r a c t i o n s  showed very s i m i l a r  ChKOmatOgKamS f o r  
t h e  same concen t r a t ion .  Since t h e  chromatograms were very  s i m i l a r ,  t h e  
c a l c u l a t e d  average molecular weights were a l s o  p r a c t i c a l l y  t h e  same fo r  all 
aromatic f r a c t i o n s .  In some of t h e  chromatograms, we no t i ced  t h e  presence  
of  unresolved peaks having a high r e t e n t i o n  t ime. However, t h e  concent ra -  
t i o n  of t hese  compounds was not high enough t o  a f f e c t  t h e  average molecular  
weights  o r  t he  molecular weight d i s t r i b u t i o n .  

The most important f e a t u r e  about t h e  hydrocarbon-type s e p a r a t i o n  
is t h a t  r ecove r i e s  of m a t e r i a l  from t h e  column were much h ighe r  f o r  t h e  
s y n t h e s i s  gas .  This  would i n d i c a t e  t h a t  s y n t h e s i s  gas  induces  a h i g h e r  
convers ion  of very p o l a r / b a s i c  molecules  at. both convers ion  l e v e l s .  
Compounds t h a t  can be s t r o n g l y  r e t a i n e d  on such a system a r e  h igh ly  po la r  
and bas i c  m a t e r i a l  o r  very  heavy molecules  similar t o  a s p h a l t e n e s .  In 
o r d e r  t o  exp la in  t h e  d i f f e r e n c e s  between t h e  m a t e r i a l  r e c o v e r i e s  noted i n  
Table  3, e lementa l  a n a l y s i s  was performed on the  samples t h a t  were 
sepa ra t ed  on t h e  hydrocarbon-type columns (Table 4 ) .  Unfor tuna te ly ,  t h e  
d i f f e r e n c e s  i n  he te roa tomic  l e v e l s  cannot be s i g n i f i c a n t l y  r e l a t e d  t o  t h e  
column holdback. Sulphur l e v e l s  seem t o  i n d i c a t e  t h a t  pure  hydrogen is 
s l i g h t l y  b e t t e r  f o r  e l i m i n a t i n g  su lphur  compounds. Ni t rogen  l e v e l s  a r e  t h e  
same wi th in  exper imenta l  e r r o r  and oxygen l e v e l s  do not d e s i g n a t e  a 
p a r t i c u l a r  g a s .  Although t h e  e l emen ta l  a n a l y s i s  r e s u l t s  do not e x p l a i n  t h e  
d i f f e r e n c e s  i n  recovery between t h e  two reducing g a s e s ,  t h e s e  r e c o v e r i e s  
s t r o n g l y  i n d i c a t e  t h a t  t h e r e  is a s i g n i f i c a n t  d i f f e r e n c e  between t h e  two 
products .  The h ighe r  r ecove r i e s  u s ing  s y n t h e s i s  gas cannot be expla ined  at 
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t h i s  point  bu t  t h e y  a r e  r ep roduc ib le  i n d i c a t i n g  t h a t  t h e  use of pure 
hydrogen produces a s t r o n g  adso rp t ion  of very p o l a r  or heavy m a t e r i a l  on 
t h e  column. 
g a s  would r e a c t  w i th  t h e  s l u r r y  feed i n  d i f f e r e n t  ways thus  l eav ing  
molecules of d i f f e r e n t  p o l a r i t y  and b a s i c i t y  i n  t h e  p roduc t s .  
i t  i s  known t h a t  carbon monoxide i n t e r a c t s  d i r e c t l y  wi th  oxygen 
f u n c t i o n a l i t y  i n  low-rank c o a l s .  
subbituminous c o a l s .  I n  any c a s e ,  t h e  s t r o n g l y  r e t a i n e d  compounds can be 
assumed to be u n d e s i r a b l e  m a t e r i a l  i n  view of product ion of s y n t h e t i c  f u e l s  
t h e r e f o r e  t h e  u s e  of s y n t h e s i s  gas has  advantages.  S ince  t h e  composi t ion 
of t he  recovered m a t e r i a l  1s not s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  t w o  
reducing g a s e s ,  we can a t  l e a s t  conclude t h a t  t h e  use of s y n t h e s i s  gas 
would not be d e l e t e r i o u s .  Moreover, i n  c a s e s  where carbon monoxide is 
cheaper  than  hydrogen,  s y n t h e s i s  gas  would be an advantageous a l t e r n a t i v e .  

This might be an i n d i c a t i o n  t h a t  pure hydrogen and s y n t h e s i s  

For example, 

A s i m i l a r  behaviour  could be expected i n  

CONCLUSIONS 

T h i s  s t u d y  shows how the  use of s y n t h e s i s  gas  i n  coprocess ing  of 
c o a l  and bitumen cou ld  be advantageous O V ~ K  hydrogen. Although most 
r e s u l t s  i n d i c a t e  t h a t  pure hydrogen and s y n t h e s i s  gas have s i m i l a r  
hydrocarbon y i e l d s ,  s y n t h e s i s  gas  seems t o  be advantageous f o r  t h e  
cracking/hydrogenat  i on  of very p o l a r  undes i r ab le  molecules  t h a t  could be 
p re sen t  i n  t h e  v a l u a b l e  p roduc t s .  Compared wi th  hydrogen it  a l s o  enhances 
t h e  formation of d i s t i l l a t e s .  F i n a l l y ,  s y n t h e s i s  gas shows a s i g n i f i c a n t l y  
lower hydrogen e q u i v a l e n t  consumption e s p e c i a l l y  under moderate ope ra t ing  
s e v e r i t y  . 
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Table 1 - Hydrocarbon-type separation procedure 

Reducing gas 

Fraction I Solvent Quant it y 

Pentane 250 mL Saturates 
5% toluene/pentane 300 mL Monoaromat ics 
15% toluene/pentane 300 mL Diaromatics 

Polyaromatics Toluene 100 mL 
Methanol/toluene (50/50) 100 mL Polars 
Meth ano 1 100 mL Polars 

60% pitch conversion 

Hi! H2 / CO 

Note: The column is flushed with pentane at the end of the sequence to 
ensure complete elution of the methanol. 

I 2.0 
73.7 

5.0 
9.7 

46.5 
' 16.2 
1 9.3 

3.4 
37.1 

Table 2 - Composition of products from coprocessing 

Severity I 

H 2  equivalent consumption (%) 
Coal conversion (%) 

Fractionation: 
C1-C4 yield (%) 
Naphtha (%) 
Distillate +205"C (%) * 
Residual oil (%) 
Asphaltenes ( 4 1 )  
Preasphaltenes (%) 
Residue (%) * 

3.32 
74.0 

5.3 
16.3 
45.1 
15.0 
6.3 
3.8 
32.5 

'0% pitch conversior 

49.7 
11.2 11.8 

1.6 2.1 
23.4 26.3 

* In hydrocarbon-type separation, the distillates are combined with the 
residual oil. 

** The residue includes residual oil, asphaltenes and preasphaltenes and 
tetrahydrofuran insolubles (unreacted coal). 
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Table 3 - Hydrocarbon-type separation of coprocessing products 
(distillates 205-525'C + residual oil) 

60% pitch conversion 

Fractions 

70% pitch conversion 

Saturates (%I  
Monoaromat ics (%) 
Diaromat ics (%) 
Polyaromatics (%) * 
Triaromatics (%) 
Tetraaromatics (%) 
Higher aromatics (%) 

Polars (MeOH/Tol) (%) 
Polars (MeOH) (%) 

Recovery f* 86.9(3) 95.0(2) 88.3(2) 

30.4 
11.1 
12.9 
12.0 
5.0 
4.0 
3.0 
18.6 
1.9 

60% pitch conversion 

I b/CO 

13.8 10.9 
13.6 15.4 

2.7 
20.4 11.9 

70% pitch conversion 

H2 I H2/CQ 

I I 

Carbon 
Hydrogen 
Sulphur 
Nitrogen 
Oxygen (by difference) 

84.90 84.35 
10.40 10.43 

2.02 2.32 2.07 2.46 
0.60 0.55 0.68 0.64 
2.35 1.64 1.95 2.12 

84.60 84.93 
10.43 10.56 

H;! / CO 

36.7 
12.3 
10.9 
15.3 

19.0 
2.9 

97.1(2) 

* Polyaromatics = triaromatics + tetraaromatics + higher aromatics. 
p* The number in parenthesis indicates the number of replicates. 

Table 4 - Elemental analysis of products (distillates 205-525°C 
+ residual oil, wt %) 
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I N T R O D U C T I O N  

F l a s h  p y r o l y s i s  i n  d i f f e r e n t  g a s e s  h a s  b e e n  s t u d i e d  a s  a n  
a l t e r n a t i v e  p r o c e s s  f o r  t h e  s i m u l t a n e o u s  g a s i f i c a t i o n  a n d  l i q u e f a c t i o n  
o f  c o a l .  E x p e r i m e n t a l  s t u d i e s  on  f l a s h  h y d r o p y r o l y s i s ,  s t e a m  
p y r o l y s i s ,  a n d  i n e r t  g a s  p y r o l y s i s  of  v a r i o u ' s  t y p e s  o f  c o a l  h a v e  b e e n  
r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 1 - 2 6 ) .  I n v e s t i g a t i o n s  on t h e  e f f e c t  o f  
steam a n d  h y d r o g e n  on  t h e  p y r o l y s i s  o f  h y d r o c a r b o n s ,  c o a l  a n d  vacuum 
r e s i d u e  ( 2 4 ,  2 7 )  i n d i c a t e  t h a t  b o t h  s t e a m  a n d  h y d r o g e n  i n f l u e n c e  t h e  
y i e l d .  S z u b a  a n d  M i c h a l i k  ( 2 4 )  h a v e  shown  t h a t  t h e  t o t a l  p r o d u c t i o n  
of l i q u i d s  f r o m  p y r o l y s i s  is h i g h e r  i n  t h e  p r e s e n c e  o f  s t e a m  t h a n  i n  
a n  i n e r t  a t m o s p h e r e ,  b u t  is s t i l l  lower t h a n  t h e  l i q u i d  p r o d u c t i o n  
f r o m  h y d r o p y r o l y s i s .  T h e s e  s t u d i e s  h a v e  e x a m i n e d  i n  d e t a i l ,  t h e  e f f e c t  
of  t h e  p r o c e s s  v a r i a b l e s  ( t e m p e r a t u r e ,  p r e s s u r e ,  s o l i d s  c o n t a c t  t ime ,  
g a s  p h a s e  r e s i d e n c e  t ime,  e t c . )  on t h e  t o t a l  y i e l d  o f  p r o d u c t s  a n d  on 
t h e  s e l e c t i v i t y  o f  t h e  r e a c t i o n .  

H o w e v e r ,  t h e r e  is a l a c k  o f  l i q u i d  p r o d u c t  c h a r a c t e r i z a t i o n .  
S i m p l e  a n a l y t i c a l  t e c h n i q u e s  s u c h  a s  g a s  c h r o m a t o g r a p h y  a n d  e l e m e n t a l  
a n a l y s i s  d o  n o t  p r o v i d e  e n o u g h  i n f o r m a t i o n  o n  t h e i r  n a t u r e .  T h i s  is 
d u e  t o  t h e  c h e m i c a l  c o m p l e x i t y  o f  t h e s e  l i q u i d s  a n d  t h e  l a r g e  number  
of  i n d i v i d u a l  c o m p o n e n t s .  

A d e q u a t e  c h a r a c t e r i z a t i o n  o f  t h e  l i q u i d  o b t a i n e d  is i m p o r t a n t  i n  
t h e  e v a l u a t i o n  of  a c o a l  l i q u e f a c t i o n  p r o c e s s .  I n  t h e  i n d u s t r i a l  
o p e r a t i o n  o f  u p g r a d i n g  c o a l  l i q u i d s ,  t h r e e  f a c t o r s  m u s t  be c o n s i d e r e d .  
The f i r s t  i s  t h e  known i n s t a b i l i t y  o f  t h e s e  l i q u i d s  u p o n  h e a t i n g  i n  
t h e  p r e s e n c e  of o x y g e n ,  i . e .  t h e i r  t e n d e n c y  t o  p o l y m e r i z e .  T h e  s e c o n d  
is t h a t  t h a t  t h e  r e m o v a l  o f  h e t e r o a t o m s  c a l l s  f o r  e x p e n s i v e  u p g r a d i n g  
i n  a c a t a l y t i c  r e a c t i o n  t h a t  c o n s u m e s  h y d r o g e n  h e a v i l y .  T h e  l a s t  
c o n s i d e r a t i o n  is t h a t  t h e  l i q u i d  h a s  t o  b e  r e f o r m e d  t o  a d e s i r e d  
m o l e c u l a r  s i z e  a n d  c a r b o n  t o  h y d r o g e n  r a t i o .  T h e  l i q u e f a c t i o n  
p r o d u c t s  n e e d  c h a r a c t e r i z a t i o n  t o  p r o v i d e  i n f o r m a t i o n  on  w h i c h  a n d  how 
much o f  t h i s  p r o c e s s i n g  i s  r e q u i r e d .  

H y d r o c a r b o n  l i q u i d  p r o d u c t i o n  by c o a l  p y r o l y s i s  i n  a n  i n e r t  g a s  
is n o t  a t t r a c t i v e  as a n  i n d u s t r i a l  p r o c e s s .  I t  y i e l d s  low 
c o n v e r s i o n s ,  p r o d u c e s  u n s t a b l e  l i q u i d s ,  a n d  h a s  low s e l e c t i v i t y  
t o w a r d s  d e s i r a b l e  p r o d u c t s .  As a r e s u l t ,  m o r e  e m p h a s i s  is p l a c e d  o n  
h y d r o p y r o l y s i s  a n d  steam p y r o l y s i s .  T h e s e  two p r o c e s s e s  i n v o l v e  
d i f f e r e n t  c h e m i c a l  r e a c t i o n s .  P r e s e n t  i n t e r e s t  i n  f l a s h  s t e a m  
p y r o l y s i s  stems f r o m  t h e  e c o n o m i c a l  a d v a n t a g e  of u s i n g  steam i n  p l a c e  
o f  e x p e n s i v e  h y d r o g e n ,  a n d  f r o m  t h a t  s t e a m  h a s  h i g h e r  s e l e c t i v i t y  t h a n  
i n e r t  g a s  t owards  t h e  p r o d u c t i o n  o f  d e s i r a b l e  l i q u i d s  ( 1 0 ) .  A 
k n o w l e d g e  o f  t h e  d i f f e r e n c e s  b e t w e e n  h y d r o g e n  a n d  s t e a m  p y r o l y s i s  
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p r o d u c t s  a n d  r e a c t i o n  m e c h a n i s m s  i s  u s e f u l  when c o n s i d e r i n g  b o t h  
p r o c e s s e s  a s  p o t e n t i a l  r ' o u t e s  t o  l i q u i d  a n d  g a s e o u s  f u e l s .  The  g o a l  
o f  t h i s  r e s e a r c h  p r o j e c t  was  t o  f i n d  a m e a n i n g f u l  w a y  o f  
c h a r a c t e r i z i n g  t h e  p r o d u c t s  a n d  t o  a p p l y  t h i s  c h a r a c t e r i z a t i o n  t o  
s t e a m  a n d  h y d r o g e n  p y r o l y s i s  l i q u i d s .  

To a c h i e v e  t h e s e  o b j e c t i v e s ,  c o a l  was t r e a t e d  u n d e r  i d e n t i c a l  
r e a c t i o n  p r e s s u r e  a n d  t e m p e r a t u r e  i n  t h r e e  r e a c t i o n  e n v i r o n m e n t s :  
h y d r o g e n .  a s t e a m / h e l i u m  m i x t u r e ,  a n d  p u r e  h e l i u m .  A c o m p a r i s o n  was 
t h e n  made on t h e  e f f e c t  o f  t h e  r e a c t i o n  e n v i r o n m e n t  o n  t h e  g a s  a n d  
l i q u i d  y i e l d s ,  T h e  c h a r a c t e r i z a t i o n  t e c h n i q u e  w a s  u s e d  t h e n ,  t o  
e s t a b l i s h  t h e  s t r u c t u r e  o f  t h e  major f r a c t i o n s  of c o m p o n e n t s  i n  t h e  
l i q u i d s  p r o d u c e d  by h y d r o g e n  a n d  s t e a m / h e l i u m  p y r o l y s i s .  The  
a n a l o g i e s  a n d  d i f f e r e n c e s  b e t w e e n  d i f f e r e n t  p a r t s  of  t h e  l i q u i d s ,  
t h e i r  d e p e n d e n c e  upon  t h e  r e a c t i o n  e n v i r o n m e n t  a n d  t h e  c h e m i c a l  
r e a c t i o n s  t h a t  e x p l a i n s  t h e  d i f f e r e n c e s  w h i c h  a r e  d i s c u s s e d  i n  t h i s  
p a p e r .  

THE CHARACTERIZATION TECHNIQUE 

P r e v i o u s  e x p e r i e n c e  w i t h  t h e  c h a r a c t e r i z a t i o n  of  p y r o l y s i s  
d e r i v e d  l i q u i d s  i n  o u r  l a b o r a t o r y  h a s  shown  t h e  l i m i t a t i o n s  o f  
c o n v e n t i o n a l  a n a l y t i c a l  t e c h n i q u e s  ( 1 0 ) .  F o r  e x a m p l e ,  t h e  
g a s - c h r o m a t o g r a p h i c  s e p a r a t i o n  of t h e  l i q u i d s  f a i l e d  t o  e l u t e  a 
s i g n i f i c a n t  p a r t  of t h e  l i q u i d .  Most o f  t h e  m a t e r i a l  r e m a i n e d  i n  t h e  
c o l u m n .  

T h e  c h a r a c t e r i z a t i o n  o f  g r o u p s  i n  c o a l  d e r i v e d  l i q u i d s  h a s  b e e n  
u s e d  w i d e l y .  The  i n f o r m a t i o n  o b t a i n e d  by h y d r o g e n  a n d  c a r b o n  N M R  a n d  
FTIR h a s  b e e n  v e r y  u s e f u l  i n  e l J c i d a t i n g  t h e  f u n c t i o n a l  s t r u c t u r e  of  
t h e  l i q u i d .  F u n c t i o n a l  c h a r a c t e r i z a t i o n  o f  t h e  l i q u i d ,  h o w e v e r ,  i s  
not e n o u g h  t o  c h a r a c t e r i z e  t h e  p h y s i c a l  a n d  c h e m i c a l  p r o p e r t i e s  o f  t h e  
l i q u i d .  I t  i s  a l s o  n e c e s s a r y  t o  e s t a b l i s h  t o  w h a t  k i n d  of m o l e c u l e  
t h e  f u n c t i o n a l  g r o u p  i s  a t t a c h e d ,  i t s  m o l e c u l a r  s i z e  a n d  o t h e r  g r o u p s  
i n  t h e  m o l e c u l e .  A l s o ,  i t  is e s s e n t i a l  t o  know how f u n c t i o n a l  g r o u p s ,  
m o l e c u l a r  s i z e s  a n d  o t h e r  p r o p e r t i e s  ( s u c h  as a r o m a t i c i t y  a r e  
d i s t r i b u t e d  i n  t h e  l i q u i d .  

W i t h  a s i m p l e  l i q u i d  m i x t u r e ,  t h e  o b v i o u s  a n s w e r  w o u l d  be t o  
s e p a r a t e  a l l  c o m p o n e n t s  a n d  i d e n t i f y  t h e m .  W i t h  c o a l  p y r o l y s i s  
l i q u i d s ,  w i t h  h u n d r e d s  o f  i n d i v i d u a l  c o m p o n e n t s ,  t h i s  is n o t  a 
p r a c t i c a l  s o l u t i o n .  E v e n  i f  s u c h  a l a b o r i o u s  t a s k  i s  a c c o m p l i s h e d ,  t h e  
c o m p o n e n t s  s h o u l d  be l u m p e d  i n  f a m i l i e s  w i t h  some  common p r o p e r t i e s ,  
t o  make a n y  p r a c t i c a l  u s e  o f  t h e  r e s u l t s  o f  t h e  s e p a r a t i o n .  

S e q u e n t i a l  E l i i t l o n  S o l v e n t  C h r o m a t o g r a p h y  (SESC) ( 2 8 ,  29) is  a 
t e c h n i q u e  t h a t  was d e v e l o p e d  f o r  t h e  s e p a r a t i o n  o f  c o a l  l i q u e f a c t i o n  
p r o d u c t s  i n  s e v e r a l  f r a c t i o n s .  E a c h  f r a c t i o n  h a s  some common 
f e a t u r e s .  s u c h  a s  c h a r a c t e r i s t i c  f u n c t i o n a l  g r o u p s ,  p o l a r i t y  o r  
b a s i c i t y .  SESC o f f e r e d  f o r  o u r  a p p l i c a t i o n  a b a l a n c e  p o i n t  b e t w e e n  
d e t a i l  i n  t h e  s e p a r a t i o n  a n d  low number  o f  f r a c t i o n s  s e p a r a t e d .  
A l t h o u g h  SESC was n o t  a p p l i e d  t o  t h e  c h a r a c t e r i z a t i o n  o f  c o a l  
P Y r O l Y 3 i S  l i q u i d s  b e f o r e  t h i s  w o r k ,  t h e  t h e o r y  of  t h e  m e t h o d  was 
a p p l i c a b l e  t o  c o a l  p y r o l y s i s  p r o d u c t s  a n d  t h e  p r o b a b i l i t i e s  o f  
s u c c e s s  w e r e  h i g h .  

I n  P r e l i m i n a r y  work  w i t h  t h e  t e c h n i q u e ,  we f o u n d  t h a t  no  f r a c t i o n  
d i d  e l u t e  w i t h  p y r i d i n e  a s  a s o l v e n t .  We d i d  e l i m i n a t e  p y r i d i n e  f rom 
t h e  s e q u e n c e .  S i n c e  t h e  m e t h o d  i s  n o t  t h e  o r i g i n a l  SESC of F a r c a s i u  
( 2 8 1 ,  i t  W i l l  be c a l l e d  m o d i f i e d - S E S C  or  M-SESC i n  t h i s  p a p e r .  
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I F o l l o w i n g  t h e  s e p a r a t i o n ,  e a c h  f r a c t i o n  was  f u r t h e r  c h a r a c t e r i z e d  

\ D i s t r i b u t i o n  ( G C  m e t h o d  ) ,  H r N M R  ( a r o m a t i c  a n d  a l i p h a t i c  H ,  H 
I c o n t a i n i n g  f u n c t i o n a l  g r o u p s ) ,  E l e m e n t a l  A n a l y s i s  a n d  d e n s i t y .  

r by S t e r i c  E x c l u s i o n  H P L C  ( m o l e c u l a r  s i z e  d i s t r i b u t i o n ) ,  B o i l i n g  P o i n t  

The i n f o r m a t i o n  o b t a i n e d  i s  u s e f u l  a s  a m o r e  d e t a i l e d  a n d  a c c u r a t e  
m o d e l  o f  t h e  c o a l  l i q u i d  o b t a i n e d  by p y r o l y s i s .  The  i n f o r m a t i o n  c a n  
be u s e d  t o  d i s c u s s  t h e  c h a r a c t e r i s t i c s  o f  t h e  r e a c t i o n  p a t h s  d u r i n g  
p y r o l y s i s  i n  d i f f e r e n t  g a s  e n v i r o n m e n t s ,  as shown  i n  t h i s  p a p e r .  

EXPERIMENTAL 
I 

The c o a l  u s e d  was W e s t e r n  K e n t u c k y  No. 9 ( f r o m  t h e  P y r o  M i n e ,  
K e n t u c k y ) .  The c o m p o s i t i o n  of t h e  c o a l  i s  g i v e n  i n  T a b l e  I .  

The p y r o l y s i s  s y s t e m  was o p e r a t e d  i n  6 . 9  MPA w i t h  p u r e  h y d r o g e n ,  
p u r e  h e l i u m ,  o r  a m i x t u r e  o f  7 . 6  m o l e  p e r c e n t  o f  s t e a m  i n  h e l i u m .  
C o a l  was f e d  a t  a r a t e  o f  1 k g / h r  i n t o  t h e  r e a c t o r  w h i c h  was  7 . 9  cm i n  
d i a m e t e r  a n d  1 0 0  cm i n  l e n g t h .  A l l  t h e  t e s t s  w e r e  c o n d u c t e d  a t  740  C 
i n  a 3 0  cm l o n g  h o t  z o n e .  The s u p e r f i c i a l  v e l o c i t y  o f  t h e  g a s e s  f e d  
i n t o  t h e  r e a c t o r  v a r i e d  f r o m  5 t o  8 c m / s .  F o r  t h e  h y d r o g e n  a n d  
s t e a m / h e l i u m  r u n s ,  t h e  f r e e  f a l l i n g  c o a l  p a r t i c l e s  w e r e  m a i n t a i n e d  i n  
t h e  h o t  r e a c t o r  z o n e  f o r  o n e  s e c o n d .  F u l l  d e t a i l s  o f  t h i s  a p p a r a t u s  
a r e  g i v e n  e l s e w h e r e ( 4 ) .  

The l i q u i d s  f r o m  t h e  s t e a m / h e l i u m  a n d  h y d r o g e n  r u n s  w e r e  t h e n  
c h a r a c t e r i z e d ,  N o t e  t h a t  t h e  h e l i u m  r u n  was  i n c l u d e d  s o l e l y  t o  a s s e s s  
t h e  e f f e c t  o f  r e a c t i o n  e n v i r o n m e n t  on t h e  t o t a l  y i e l d  a n d  t h u s  was n o t  
f u r t h e r  a n a l y z e d .  An a c c o u n t  o f  t h e  e x p e r i m e n t a l  d e t a i l s  of  t h e  
M-SESC f r a c t i o n a t i o n  a n d  t h e  c h a r a c t e r i z a t i o n  o f  e a c h  f r a c t i o n  h a s  
b e e n  g i v e n  by S h e n  ( 3 2 ) .  

RESULTS 

A c o m p a r i s o n  o f  t h e  p r o d u c t s  f r o m  c o a l  p y r o l y s i s  i n  h y d r o g e n ,  t h e  
steam/ h e l i u m  m i x t u r e ,  a n d  p u r e  h e l i u m  i s  p r e s e n t e d  i n  F i g u r e  1 .  T h e  
o v e r a l l  y i e l d  f r o m  s t e a m  p y r o l y s i s  i s  h i g h e r  t h a n  t h e  y i e l d  f r o m  i n e r t  
g a s  ( h e l i u m )  p y r o l y s i s  u n d e r  t h e  s a m e  o p e r a t i n g  c o n d i t i o n s .  The  d a t a  
f o r  t h e  t h r e e  p r o c e s s e s  r e v e a l  t h a t  h y d r o p y r o l y s i s  p r o d u c e s  t h e  
l a r g e s t  a m o u n t  o f  c o a l - d e r i v e d  p r o d u c t s .  The  l i q u i d  p r o d u c t s  from t h e  
h y d r o g e n  a n d  t h e  s t e a m / h e l i u m  r u n s  w e r e  f u r t h e r  a n a l y z e d  a n d  t h e  
r e s u l t s  a r e  p r e s e n t e d  b e l o w .  

T a b l e  I 1  g i v e s  t h e  e l e m e n t a l  c o m p o s i t i o n  of  t h e  l i q u i d  p r o d u c t s .  
F i g u r e  2 s h o w s  t h e  r e s u l t s  of t h e  M o d i f i e d  SESC (M-SESC) f r a c t i o n a t i o n  
of  t h e  c o a l  l i q u i d s .  F i g u r e s  4 a n d  5 g i v e  t h e  r e s u l t s  o f  t h e  
e l e m e n t a l  a n a l y s e s  o f  t h e  M o d i f i e d  SESC f r a c t i o n s  from b o t h  o f  t h e  
c o a l - d e r i v e d  l i q u i d s .  

The b o i l i n g  p o i n t  d i s t r i b u t i o n  a n a l y s i s  o f  t h e  MiSESC f r a c t i o n s  
f o r  b o t h  l i q u i d s  s h o w s  a b o i l i n g  r a n g e  o f  5 0  t o  4 0 0  C f o r  F r a c t i o n  I .  
a n d  o f  300  t o  5 5 0  C f o r  F r a c t i o n s  I1 a n d  111. F r a c t i o n s  I V  a n d  h i g h e r  
d i d  n o t  e l u t e  f r o m  t h e  GC c o l u m n .  

From t h e  e x p e r i m e n t a l  m o l e c u l a r  s i z e  d i s t r i b u t i o n  c u r v e s ,  t h e  
number  a v e r a g e  m o l e c u l a r  w e i g h t s  w e r e  c a l c u l a t e d  w i t h  t h e  f o r m u l a s  
g i v e n  by S c h a n n e  a n d  Haemel  ( 3 0 ) .  The  a v e r a g e  m o l e c u l a r  w e i g h t s  o f  
t h e  M-SESC f r a c t i o n s  a r e  g i v e n  i n  F i g u r e  3.  
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F i g u r e s  6 a n d  7 s u m m a r i z e  t h e  i n f o r m a t i o n  o b t a i n e d  f r o m  H’NMR 
s p e c t r o s c o p y  o f  t h e  s a m p l e s  a n d  f r a c t i o n s  a n a l y z e d .  The  p r o t o n  
s p e c t r a  a r e  u s e d  p r i m a r i l y  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  p e r c e n t a g e s  Of 
a r o m a t i c  and a l i p h a t i c  h y d r o g e n  c o n t a i n e d  i n  e a c h  s a m p l e .  

DISCUSSION 

The s t r u c t u r e  o f  t h e  MiSESC f r a c t i o n s ,  a s  o b t a i n e d  i n  t h e  p r e s e n t  
r e s e a r c h ,  is s u m m a r i z e d  in t a b l e  3 .  T h e  t a b l e  r e p o r t s  t h e  common 
f e a t u r e s  of e a c h  f r a c t i o n  for b o t h  l i q u i d s .  B e h i n d  t h e  s i m i l a r i t i e s  
b e t w e e n  c o r r e s p o n d i n g  f r a c t i o n s ,  h o w e v e r ,  t h e r e  a r e  a l s o  s i g n i f i c a n t  
d i f f e r e n c e s  b e t w e e n  t h e  two c o a l  l i q u i d s .  T h e s e  d i f f e r e n c e s  r e f l e c t s  
c h e m i c a l  r e a c t i o n s  t h a t  o c c u r  u n d e r  t h e  i n f l u e n c e  o f  d i f f e r e n t  g a s  
e n v i r o n m e n t s .  

F i g u r e  8 s h o w s  a l i s t  o f  t h e  c h e m i c a l  r e a c t i o n s  t h a t  can p l a y  a 
r o l e  i n  c o a l  p y r o l y s i s  i n  h y d r o g e n ,  steam a n d  i n e r t  g a s .  The  
d i f f e r e n c e s  b e t w e e n  t h e  p r o p e r t i e s  o f  t h e  l i q u i d s  o b t a i n e d  i n  
d i f f e r e n t  g a s e s  c a n  b e  a t t r i b u t e d  t o  t h e s e  c h e m i c a l  r e a c t i o n s .  In t h e  
f o l l o w i n g  d i s c u s s i o n ,  a n  a t t e m p t  i s  made t o  e x p l a i n  o u r  e x p e r i m e n t a l  
r e s u l t s  w i t h  t h e  r e a c t i o n s  o f  f i g u r e  8. 

Analysis of R e s u l t s  

F i g u r e  1 

S t e a m  P y r o l y s i s  p r o d u c e s  h i g h e r  C O X  y i e l d s  t h a n  t h e  o t h e r  
p y r o l y s i s  p r o c e s s e s ,  d u e  t o  r e a c t i o n  ( 1 5 )  ( c a r b o n  s t e a m  
g a s i f i c a t i o n ) .  In He a n d  H2, C O X  i s  p r o b a b l y  p r o d u c e d  f r o m  t h e  
d e c o m p o s i t i o n  o f  c a r b o x y l i c  a n d  c a r b o n y l  g r o u p s .  The 
p r o d u c t i o n  o f  l i g h t  h y d r o c a r b o n  g a s e s  i s  e n h a n c e d  i n  H 2  d u e  t o  
r e a c t i o n s  ( 4 )  ( c a p p i n g  o f  a l k y l  r a d i c a l s ) ,  (8) ( t h e r m a l  
d e a l k y l a t i o n )  a n d  ( 1 1 )  ( t h e r m a l  h y d r o g a s i f i c a t i o n ) .  P y r o l y s i s  
i n  H e  o r  S t e a m  c a n  y i e l d  l i g h t  h y d r o c a r b o n  g a s e s  o n l y  f r o m  ( 1 )  
( c r a c k i n g )  a n d  ( 4 )  ( h y d r o g e n  a b s t r a c t i o n  f r o m  a n o t h e r  
m o l e c u l e ) .  The  y i e l d  o f  B T X  i s  e n h a n c e d  i n  t h e  p r e s e n c e  o f  
h y d r o g e n  t h r o u g h  r e a c t i o n s  ( 5 )  a n d  ( 7 )  ( c a p p i n g  o f  s i n g l e  r i n g  
a r o m a t i c  r a d i c a l s ) .  (9) ( t h e r m a l  h y d r o c r a c k i n g  o f  s e v e r a l ’ r i n g  
m o l e c u l e s ) , ( 8 )  ( t h e r m a l  d e a l k y l a t i o n  o f  a l k y l ’ b e n z e n e s )  a n d  
r e a c t i o n s  ( 1 2 1 ,  ( 1 3 )  a n d  ( 1 4 )  ( s i d e  c h a i n  h e t e r o a t o m  r e m o v a l ) .  
The y i e l d  o f  l i q u i d s  ( h e a v i e r  t h a n  BTX) i n  h y d r o g e n  is  h i g h e r  
t h a n  i n  i n e r t  g a s  t h r o u g h  r e a c t i o n s  ( 5 )  a n d  ( 7 )  ( s e v e r a l - r i n g  
a r o m a t i c  f r e e  r a d i c a l  c a p p i n g )  w h i c h  c o m p e t e s  w i t h  r e a c t i o n  
( 6 )  ( r e c o m b i n a t i o n  t o  f o r m  c h a r ) .  H o w e v e r ,  t h e  y i e l d  is l e s s  
t h a n  i n  s t e a m ,  s i n c e  h y d r o g e n  p a r t i c i p a t e s  i n  r e a c t i o n s  t h a t  
b r e a k  down l a r g e  m o l e c u l e s ,  s u c h  as  (8) ( t h e r m a l  d e a l k y l a t i o n )  
(9) ( t h e r m a l  h y d r o c r a c k i n g )  a n d  ( 1 0 )  ( t h e r m a l  h y d r o g e n a t i o n ,  
f a c i l i t a t e s  h y d r o c r a c k i n g ) .  In s t e a m ,  t h e  y i e l d  o f  l i q u i d s  i s  
h i g h e r  t h a n  i n  i n e r t  g a s .  A t e n t a t i v e  e x p l a n a t i o n  is  t h a t  
r e a c t i o n  ( 1 5 )  may o p e n  t h e  c o a l  m a t r i x ,  l i b e r a t i n g  f r a g m e n t s .  
A n o t h e r  p o s s i b i l i t y  i s  t h e  p a r t i c i p a t i o n  o f  steam i n  t h e  
b r e a k d o w n  of t h e  v i r g i n  c o a l  ( r e a c t i o n s  ( 1 ) .  ( 2 )  a n d  ( 3 ) ) ,  
t h r o u g h  a h e t e r o l y t i c  m e c h a n i s m .  The t o t a l  c o n v e r s i o n  of c o a l  
by P y r o l y s i s  i n  h y d r o g e n  g i v e s  t h e  h i g h e s t  y i e l d ,  t h r o u g h  
r e a c t i o n s  ( 5 )  a n d  ( 7 )  w h i c h  c o m p e t e  w i t h  r e a c t i o n  (6) 
( r e c o m b i n a t i o n  t o  f o r m  c h a r ) .  T h e  t o t a l  c o n v e r s i o n  i n  steam 
P Y r O l y S i S  is h i g h e r  t h a n  i n  He d u e  t o  r e a c t i o n  ( 1 5 )  ( c h a r  
g a s i f i c a t i o n )  a n d  t o  an e n h a n c e m e n t  o f  t h e  l i q u i d  y i e l d ,  
p r e v i o u s l y  d i s c u s s e d .  
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Figure 2 

Fractions 1 and 2 in hydrogen pyrolysis are increased from 
fractions ‘3, 4 and 5 through reactions ( 9 )  (thermal 
hydrocracking) and ( 1 2 ) ,  (13) and (14) (heteroatoms removal). 
Fraction 6 in hydrogen pyrolysis .(very basic heteroatoms) 
could be increased from coal through reactions ( 5 )  and (7) or 
from fraction 5 through the elimination of acid groups, 
reaction (14). The fraction is not converted easily, since the 
basic heterocyclics have to be first hydrogenated through 
reaction (10) and the ring opened by hydrogenolysis (reaction 
similar to ( 9 ) )  before reactions ( 1 2 ) ,  (13) and (14) could 
proceed. Fraction 9 in both liquids (material not eluted from 
the M‘SESC column) is probably a degradation product ( coke ) ,  
insoluble. 

Figure 3 

Fractions 1 ,  2, 3 ,  4, 5 and 6 of the hydrogen pyrolysis 
liquids have higher molecular weight than the corresponding 
steam pyrolysis liquids. Smaller molecules in these fractions 
can be converted to BTX and gas through reactions ( 9 )  (thermal 
hydrocracking) and ( 1 1 )  (thermal hydrogasification). The 
larger molecules in these fractions may be more difficult to 
break, hence increasing the average molecular weight of the 
fraction. 

Figure 4 

The nitrogen content of the hydrogen pyrolysis liquids 
fractions 1 and 2 is virtually zero, lower than in the steam 
pyrolysis liquids. This is due to its elimination from the 
fractions by hydrogen through reaction (13). In other 
fractions, nitrogen appears in the heterocyclic form, basic, 
and is more difficult to eliminate, as discussed before. The 
hydrogen content is comparable in the fractions of both 
liquids, although higher in hydrogen pyrolysis fraction 1 ,  the 
most abundant. There is an upward trend in both liquids: 
higher fractions contain more hydrogen. 

Figure 5 

F i g u r e  6 

The carbon content in the fractions of both liquids is 
comparable. The downwards trend is required to accommodate the 
higher heteroatoms content of the higher fractions. Oxygen + 
sulphur in both liquids follow an upwards trend, in agreement 
with the SESC fractionation theory. Fractions 1 and 2 ,  the 
most abundant, show less heteroatoms in hydrogen pyrolysis, 
confirming the influence of reactions ( 1 2 )  and (14). Other 
fractions ( heterocyclics ) do not show the same effect, due 
to the difficulty associated with breaking ring heteroatoms. 

The fractions in both liquids follow an upwards trend, higher 
fractions have a higher hydrogen to carbon ratio. There are 
differences between the two liquids, but they do not follow a 
clear trend. 
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Figure 7 

F r a c t i o n s  3.  4 a n d  5 f r o m  h y d r o g e n  p y r o l y s i s  show t h e  e f f e c t  
of e x t e n s i v e  h y d r o g e n a t i o n  t h r o u g h  r e a c t i o n  ( 1 0 )  ( r i n g  
h y d r o g e n a t i o n ) .  H o w e v e r ,  t h e  h y d r o g e n  t o  c a r b o n  r a t i o s  do n o t  
r e f l e c t  a l a r g e  d i f f e r e n c e  ( see F i g u r e  6 ) .  T h e  e x p l a n a t i o n  
is t h a t  a l t h o u g h  r e a c t i o n  ( 1 0 )  a d d s  h y d r o g e n  t o  t h e  a r o m a t i c  
s t r u c t u r e ,  n e t  h y d r o g e n  i s  a l s o  l o s t  f r o m  t h e  m o l e c u l e  t h r o u g h  
r e a c t i o n  ( 8 ) .  H y d r o g e n  p y r o l y s i s  l i q u i d s  a r e  m o r e  
h y d r o a r o m a t i c ,  b u t  w i t h  l e s s  s i d e  c h a i n s .  The  s t r i p p e d  s i d e  
c h a i n s  p a r t i a l l y  e x p l a i n  t h e  f o r m a t i o n  of h i g h  m e t h a n e  y i e l d s  
d u r i n g  h y d r o g e n  p y r o l y s i s .  

CONCLUSIONS 

The M-SESC t e c h n i q u e  u s e d  h e r e ,  a n d  a c c o m p a n i e d  by f u r t h e r  
c h a r a c t e r i z a t i o n  o f  e a c h  o n e  of t h e  f r a c t i o n s ,  is d e m o n s t r a t e d  a s  a 
p o w e r f u l  t o o l  t h a t  a l l o w s  a d e e p  i n s i g h t  i n t o  c o a l  p y r o l y s i s  l i q u i d s  
s t r u c t u r e  a n d  c o m p o s i t i o n .  

B a s i c  d i f f e r e n c e s  i n  t h e  s t r u c t u r e  a n d  c o m p o s i t i o n  of c o a l  
l i q u i d s .  r e v e a l e d  t h r o u g h  MISESC a n d  f r a c t i o n  c h a r a c t e r i z a t i o n  
t e c h n i q u e s  h a s  b e e n  e x p l a i n e d  i n  t h i s  work  t h r o u g h  t h e  t h e r m a l  
r e a c t i o n s  w h e r e  h y d r o g e n  p a r t i c i p a t e s .  

T h e  c h a r a c t e r i z a t i o n  t e c h n i q u e ,  a n d  t h e  d i s c u s s i o n  o f f e r e d  h e r e ,  
p r e s e n t s  a n  e x t r a  d i m e n s i o n  i n  t h e  u n d e r s t a n d i n g  o f  c o a l  p y r o l y s i s  
l i q u i d s  a n d  t h e  r e a c t i o n s  t h a t  f o r m  t h e m  a n d  t h e  r e a c t i o n s  w h e r e  t h e y  
p a r t i c i p a t e  . 
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TABLE 3 

STRUCTURE OF TEE MODIFIED SESC FRACTIONS 

STRUCTURE AVE. MOL. S I Z E  

190 

DENSITY 

1.11 

BOILING RANGE 

50 - 400  C 

FWCTION 

I Aromatics, low 
heteroatoms 

Aromatics, alkyl- 
aromatics, low 
heteroatoms 

Polar aromatics, 
w i t h  non-basic 
heteroatoms 

Alkyl-polar arOInatiCS 
phenol and methoxy groups 

Basic heterocyclics 
and phenol groups 

Basic heterocyclics 
alkyl and phenol groups 

Polyphenols, non-condensed 
aromatics high heteroatoms 

Polyphenol, alkyl chains 

190 11 300 - 500 C 1.18 

111 300 - 600 C 0.996 2 5 0  - 400 

IV 

V 

V I  

V I 1  

V I 1 1  

n.a. 250  - 1 0 0  

300 - 400 

250 

n.a 

0.987 

300 - 1 2 0  n.a. 

1.194 3 5 0  - 1 5 0  

*Did not elute from G . C .  in boiling pornt simulating analysis 
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FICiiRE 1 
P r o d u c t  D i s t r i b u t i o n  from Hydrogen 

and Stean/He P y r o l v s i s  
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F I G U R E  3 : CUERAGE KOLECULAR S I Z E S  
OF H-SESC F R B C T I O N S .  
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FIGURE 5 
CARBON AKD OX'iGFN+SULFUR CONTENT 

OF N - S E S C  FRPCTIONS 
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FIGilRE 6 
HYDROGEN TO CkRBON R A T I O S  

OF H - S E S C  F X A C T i C N S  
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F I G i l R E  7 
AROMATICITY OF WSESC FRACTIONS 
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CO-OXIDATIVE DEPOLYMERIZATION OF COAL 

Rita  K. Hessley. William G. Lloyd and Renae D. Rosencrans 

Department o f  Chemistry 
Western Kentucky Universi ty  

Bowling Green. Kentucky 4 2 1 0 1  

Recently a number of  industry-sponsored coa l  conversion p r o j e c t s  have s u f f e r e d  
)I s e t - b a c k s  i n  t h e  a c q u i s i t i o n  o f  government  f i n a n c i a l  s u p p o r t  t h a t  have a l l  but 

dismantled the  synfuels  i ndus t ry  i n  t h e  United S ta t e s .  Although the  requirement f o r  
I' reduced s u l f u r  emissions can be i d e n t i f i e d  a s  one of t h e  problems cu r ren t ly  holding 

high cos t  a s soc ia t ed  with l i que fac t ion  technology which has  been t h e  stumbling block 
f o r  p r i v a t e  corporate  inves to r s  and governmental agencies .  

I 
I back t h e  development of  d i r e c t  coa l  l i que fac t ion  processes .  it i s  t h e  p r o h i b i t i v e l y  
1: 

I n  undertaking t h i s  p r o j e c t .  we p roposed  t o  e x p l o r e  t h e  p o s s i b i l i t y  t h a t  a 
u s e f u l  f e e d s t o c k  cou ld  be prepared from coa l  using a t o t a l l y  d i f f e r e n t  approach t o  
t h e  basic  problem involved i n  f r a c t u r i n g  t h e  complex and h i g h l y  c r o s s l i n k e d  c o a l  
m a t r i x .  R a t h e r  t h a n  r e l y i n g  on thermal bond cleavage and hydrogen t r a n s f e r  under 
high pressure,  we bel ieved t h a t  a mild, l imi t ed  ox ida t ion  process  could achieve t h e  
d e s i r e d  d e p o l y m e r i z a t i o n  o f  c o a l .  Under s p e c i a l  cond i t ions  involving a so lven t  
capable of undergoing f r e e  r a d i c a l  ox ida t ive  chain r eac t ions .  C-C bond c l e a v a g e  i n  
t h e  c o a l  migh t  b e  a c h i e v e d .  Oxidat ion of coal .  even mild oxidat ion.  is g e n e r a l l y  
undesirable .  P r o g r e s s i v e  o x i d a t i o n  r e s u l t s  i n  d e s t r u c t i v e  d e g r a d a t i o n  - l o s t  
heat ing value and swel l ing p rope r t i e s .  and even i g n i t i o n  ( 1 . 2 ) .  A number of  s t u d i e s  
o f  c o n t r o l l e d  o x i d a t i o n  o f  c o a l  have been made (3-6). From these  s t u d i e s ,  it was 
apparent that even con t ro l l ed  oxidat ion is not s a t i s f a c t o r y  f o r  t he  l i q u e f a c t i o n  of 
coal .  

It i s  important,  however. t h a t  coa l  ox ida t ion  is bel ieved t o  be a f r e e  r a d i c a l  
process ( 7 - 1 6 ) .  From polymer c h e m i s t r y  i t  i s  w e l l  known t h a t  a c h a i n  r e a c t i o n .  
s i m i l a r  t o  those proposed f o r  coa l  conversion r eac t ions  a t  high temperatures.  occur  
r e a d i l y  between two r e a c t i v e  s u b s t r a t e s  u n d e r  o x i d i z i n g  c o n d i t i o n s .  a n d  a t  
t e m p e r a t u r e s  w e l l  below 400-450°C ( the  temperature range used commonly t o  achieve 
coa l  thermolysis) .  Figure 1 i l l u s t r a t e s  t h e  system we proposed ( 1 7 ) .  R I H  and R 2 H  
represent  two hydrocarbon subs t r a t e s - - in  our  case  a so lven t  and coal .  Free r a d i c a l  
i n i t i a t i o n  t o  produce R i  The r e a c t i o n  w i t h  
p u r e  oxygen o r  a i r  t o  form R 00. h a s  a n  a c t i v a t i o n  energy of  -0. Abs t rac t ion  of  
hydrogen can involve l a b i l e  carlbon-hydrogen bonds i n  e i t h e r  R H o r  R H .  and t h e  
cycles  shown i n  t h e  f i g u r e  can be repeated a number of t imes.  h e  p r o d i c t s  of t h i s  
co-oxidat ive f r e e  r a d i c a l  c h a i n  r e a c t i o n  a r e  h y d r o p e r o x i d e s .  Cumene ( i s o p r o p y l  
benzene )  i s  a hydrocarbon which i s  known t o  undergo t h e  kind of ox ida t ion  r e a c t i o n  
desc r ibed  i n  F i g u r e  1. We have  chosen  i t  a s  o u r  p r i n c i p l e  s o l v e n t .  Using an 
i n i t i a t o r .  and i n  some c a s e s  a s m a l l  q u a n t i t y  o f  a t r a n s i t i o n  metal  ion.  cumene 
hydroperoxide can be produced a t  80'-100°C (18). I n  d i l u t e  acid a t  a temperature a s  
low a s  6OoC. t h e  decomposition of cumene hydroperoxide r e s u l t s  i n  C-C bond s c i s s i o n .  
Thus, we p roposed  t h a t  a n a l o g o u s  s c i s s i o n  c o u l d  b e  induced i n  t h e  c o a l  m a t r i x  
s u b s e q u e n t  t o  t h e  o x i d a t i v e  f o r m a t i o n  o f  t h e  & h y d r o p e r o x i d e .  R 008. We ' 
predicted t h a t  t h e  C-H bond energy of  t e r t i a r y  (-CH-) and secondary (-CH2-f b r idg ing  
s i t e s  i n  coa l  i s  comparable t o  t h a t  of t h e  C-H bond i n  cumene. 

i s  a r e l a t i v e l y  low e n e r g y  p r o c e s s .  

-. Three c o a l s  were s e l e c t e d  f o r  t h i s  s t u d y .  A l l  were w e s t e r n  
Kentucky hvB o r  hvC bituminous coa l s  obtained from t h e  coa l  bank a t  Western Kentucky 
U n i v e r s i t y .  The e l e m e n t a l  a n a l y s i s  f o r  each coa l  i s  given i n  Table I. The c o a l s  
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were not d r i ed  be fo re  use. Determination of t h e  optimum condi t ions  f o r  co-oxidation 
involved a number of va r i ab le s :  so lvent .  temperature.  p r e s s u r e .  and r e a c t i o n  t i m e  
were i d e n t i f i e d  a s  t h e  f o u r  p r i n c i p l e  va r i ab le s .  These were va r i ed  within l i m i t s  
se lec ted  a s  a u s e f u l  range f o r  u l t ima te  commercial a p p l i c a t i o n .  Tempera tu res  were  
t e s t e d  i n  t h e  r a n g e  30-185OC; gas  pressures  were va r i ed  from 1-7 atmospheres (0.1- 
0.7 m a ) ;  r e a c t i o n  t imes  were 0.5-24 hours. Solvents t e s t e d  are l i s t e d  i n  Table 11. 

Typically.  10 g coa l  (-60 mesh). 100 m l  so lven t .  and 1.0 g o f  i n i t i a t o r  were 
used. For r e a c t i o n s  a t  atmospheric pressure ,  a i r  of oxygen was passed continuously 
in to  the r eac t ion  s l u r r y  a t  a r a t e  s u f f i c i e n t  t o  m a i n t a i n  a m o d e r a t e l y  t u r b u l e n t  
s y s t e m .  A t  e l e v a t e d  t e m p e r a t u r e s  (above  t h e  normal  b.p. o f  t h e  s o l v e n t )  o r  
pressures.  t he  r e a c t a n t s  were cha rged  t o  a 300 m l  s t a i n l e s s  s t e e l  P a r r  r e a c t o r  
( equ ipped  w i t h  m e c h a n i c a l  s t i r r i n g  and tempera ture  c o n t r o l )  which was sea led  and 
pressur ized  wi th  oxygen a s  des i red .  The f r e e  r a d i c a l  i n i t i a t o r s  which were used i n  
each  t e m p e r a t u r e  r a n g e  were a z o b i s i s o b u t y r o n i t r i l e  (65-88OC). d i t e r t i a r y  bu ty l  
peroxide (117-143°C). t e r t - b u t y l  hydroperoxide (121-147OC) and cumene hydrope rox ide  
(154-194OC) ( 1 9 ) .  

A f t e r  e a c h  r e a c t i o n .  t h e  s l u r r y  w a s  cooled and f i l t e r e d  t o  recover  the  coal.  
The coal was washed wi th  ace tone  and was d r i e d  f o r  a minimum of  16 hours a t  15OoC i n  
an evacuated dry ing  oven. 

For r e a c t i o n s  u s i n g  cumene. g a s  ch romatograph ic  a n a l y s i s  o f  t h e  r e a c t i o n  
f i l t r a t e  was used t o  d e t e c t  t h e  ex ten t  of ox ida t ion  o f  t h e  so lvent .  The t i t r i m e t r i c  
method d e s c r i b e d  by Lundberg (20) was used  t o  d e t e c t  hydroperoxides i n  t h e  coa l  
a f t e r  eo-oxidation. For t h i s  t e s t ,  2 g sodium i o d i d e  and  25 ml a c e t i c  a c i d  were 
purged  5 m i n u t e s  w i t h  n i t r o g e n .  The d r i e d .  co-oxidized coa l  w a s  s l u r r i e d  in  the  
so lu t ion  f o r  a minimum of 25 m i n u t e s  and t h e  n i t r o g e n  purge  was con t inued .  The 
s o l u t i o n  was d e c a n t e d  and immedia te ly  t i t r a t e d  p o t e n t i o m e t r i c a l l y  w i t h  sodium 
t h i o s u l f a t e .  A blank waa run a s  wel l  a s  a t e s t  u s ing  a 1% s o l u t i o n  of  commercial  
cumene hydroperoxide. 

Elemental a n a l y s i s  of  co-oxidized coa l  was ca r r i ed  out .  This d a t a  i s  included 
I n f r a r e d  ana lys i s  was c a r r i e d  out on s e l e c t e d  samples  o f  co -ox id ized  

A Nicole t  10-MX FT-IR was used t o  
i n  Table I. 
c o a l .  
ob ta in  the  spec t r a .  

A 1% by w e i g h t  K B r  sample  was prepared. 

The decomposition. v i a  C-C bond sc i s s ion ,  of hydroperoxides i s  c r i t i c a l  t o  t he  
s u c c e s s  o f  t h i s  p rocess .  Although hydroperoxides a r e  gene ra l ly  thermal ly  uns tab le  
and can be decomposed by hea t .  s eve ra l  methods were t e s t e d  u s i n g  co -ox id ized  c o a l .  
These a re  shown i n  Table 111. 

Soxhlet e x t r a c t i o n  in  r e f lux ing  N.N-dimethylformamide (DMF) was used t o  determine 
whether  c o - o x i d a t i o n  had i n c r e a s e d  t h e  e x t r a c t a b i l i t y  of t h e  c o a l .  Dup l i ca t e  
samples (-5g) were weighed  i n t o  p r e - d r i e d  and  pre-weighed c e l l u l o s e  e x t r a c t i o n  
th imbles .  The DMF vas  replaced 
by methanol which was used t o  r i n s e  t h e  coa l  f o r  a minimum of 6 hours. The thimbles 
and res idue  were d r i e d  i n  vacuo a t  15OoC. The weight loss was used t o  c a l c u l a t e  t h e  
weight percent e x t r a c t e d .  E x t r a c t i o n  v a l u e s  r e p o r t e d  h e r e  a r e  r e l a t i v e  t o  t h e  
e x t r a c t i b i l i t y  of t h e  raw coal.  

E x t r a c t i o n  wi th  DMF was ca r r i ed  out  f o r  24 hours. 
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Table I 

Analyses of Coals be fo re  and a f t e r  Co-oxidation (Se lec ted  T r i a l s )  

Coal ( T r i a l )  M** VM Ash C B N S 0** 

9100 7.09 40.6 8.36 
(1-40a) 1.67 37.01 7.68 

9036 5.33 46.8 6.44 
(253b) 0.87 36.59 5.71 

7827 2.84 35.88 9.49 
(66'J 2.01 36.64 9.28 
(A-1 ) 0.45 37.06 9.32 
(A-Ze) 1.08 35.86 9.51 

74.08 
73.72 
76.48 
75.38 
74.49 
75.20 
73.59 
73.10 

5.11 
5.05 
5.37 

1.50 3.59 
1.68 2.93 
1.60 3.29 

5.09 2.08 2.71 
5.22 1.53 3.33 
5.24 1.50 3.10 
5.00 1.58 3.19 
4.98 1.56 3.01 

7.34 

6.79 
9.03 
5.94 
5.68 
7.32 
7.84 

8.94 

** 
Moisture. a s  determined; Oxygen by d i f f e rence ;  o the r  va lues  on dry  b a s i s  

i 2  hr.. 1 atm., 90°C8 1 O : l  (v/w) Cumene:Coal 
15 hr.. 1 atm.. 115 C. 1 O : l  (v/w) Cumene:Coal + 0.1U Co(ac)2 and 0.1 M H B r  

dc0.5 hr.. 20 p ~ i g . ~ O ~ .  165OC. 15:l (v/w) Cumene:CoaI 
3 hr.. 1 atm.. 90 C 15:l (v/w) Cumene:Coal 

e2 hr.. 20 psig.  02. 115OC. 2:l (v/w) Cumene:Coal. + 0.1H Co(ac)2 and 0.1H EBr 

Table I1 

so lvent  Screeninga 

Solvent 

Cumene 
Benzon i t r i l e  
o-dichlorobenzene 
Dipheny lmet hane 
Fluorene 
T e t r a l i n  
Diphenylether 

+ 7  
-18 
-16 
- 4  

+ 1  
- 2  

oc . -2d. -10e 

:Oxidation: 2 hr.. 100°C. 1 atm.. 1O: l  (v/w) Cumene:Coal 

X = W t .  sample - W t .  ressid./Wt. sample x 100. 
is  r e l a t i v e  t o  t h e  e x t r a c t i o n  of unoxidized coa l .  

24 hour Soxhlet  ex t r ac t ion .  6 hr. MeOH r inse .  15OoC vac. d ry ;  
W l u e  shown 

;ZOX (w/v) i n  Cumene 

e20% (w/v) i n  b e n a o n i t r i l e  
20% (w/v) i n  o-dichlorobenzene 

Re.sulfs 

Table I1 through Table VI summarize t h e  r e s u l t s  of  approximately 200 r e a c t i o n  
t r i a l s .  Each p iece  o f  d a t a  was determined by mul t ip l e  t r i a l a .  Table I1 shows t h a t  
cumene was t h e  most e f f e c t i v e  so lvent  t e s t ed .  Benzoni t r i le .  o-dichlorobenzene and 
d iphenyle ther  were t e a t e d  because of t h e i r  r e l a t i v e l y  h igher  b o i l i n g  poin t .  
were not  expected t o  p a r t i c i p a t e  i n  co-oxidation. 

Table IV shows t h e  e f f e c t  of temperature and the  e f f e c t  of pressure  above 

They 

atmospheric ( 1  a t m  - 0.101 MPa - 14.696 ps ig ) .  
by t h e  da t a  a t  a temperature above 100°C o r  above atmospheric pressure  of  a i r  (or  
oxygen). 

No enhanced s o l u b i l i t y  is indica ted  
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Table I11 

Ef fec t  of Post-Treatment on Ext rac t ion  of  Co-oxidized Coala 

Treatmnnt 

Thermolysis a t  26OoC 10 min. -18 t o  +5 
Sat'd aq. K I  i n  KoAc/CHC13 

25OC 
2 - 15 hrs .  

6OoC 
2% H2S04 i n  acetone; 6OoC. 2 hr .  
N H neat  o r  10% i n  O-C12Benzene 

2240c 
2 - 24 hrs .  

6OoC 

-2 t o  0 

+4 

+4 

:Oxidation: 2 h r .  a t  100°C. 1 atm. 02. 10:1 (v/w) Cumene:Coal 
24 hour Soxhlet  ex t r ac t ion .  6 hr .  MeOH r inse .  15OoC vac dry ;  

% = W t .  sample-Wt. resid./Wt. sample x 100. Value shown i s  
r e l a t i v e  t o  t h e  e x t r a c t i o n  of unoxidized coa l .  

Table  V summar izes  t h e  r e s u l t s  of t r i a l s  us ing  var ious  combinations of  mixed 
so lven t s  t e s t e d .  Dimethylformamide d r a s t i c a l l y  i n h i b i t e d  t h e  o x i d a t  i o n  of  cumene 
i t s e l f .  and has  b e e n  repor ted  t o  undergo f r e e  r a d i c a l  add i t ion  r e a c t i o n s  (21).  Of 
t h e  o ther  so lvent  systems. a c e t i c  acid i n  dioxane showed the  most promise. Overa l l .  
however. t h e r e  was l i t t l e  evidence t h a t  t h i s  type of r e a c t i o n  medium could overcome 
t h e  b a r r i e r  being c o n s i s t e n t l y  encountered. 

The d a t a  i n  Table  V I  show t h a t  t h e  e x t r a c t a b i l i t y  of the  coa l  has been enhanced 
by t h e  c o - o x i d a t i o n  r eac t ions  which were c a r r i e d  out i n  the  presence of  aqueous o r  
a l coho l i c  base in a d d i t i o n  t o  cumene. Subsequent t r i a l s  showed. however.  t h a t  t h e  
a c t i o n  o f  t h e  a l k a l i n e  medium alone. even i n  a n i t rogen  atmosphere. a l s o  l ed  t o  an 
observed increase  i n  t h e  s o l u b i l i t y  o f  t h e  t r e a t e d  coa l ,  

Table I V  

E f fec t  of Temperature. Pressure .  and T ime  on Co-oxidation of Coala 

kid T.-uh0E Q2- XExtractedb 

22 100 1 2 -2 
23 130 1 2 0 
41 130 6.8 1 +8 
65 168 2.7 0.5 -6 
69 185 1.7 1.0 -7 
71 130 3.4 0.5 -6 
72 85 1 0.5 -7 
73 31 2.9 0.5 -4 
75 69 2.6 0.5 -5 

113 85 1 6.5 +1 
78 160 1 0.75 -8 

:1:10 w/v coa1:cumene and appropr ia te  i n i t i a t o r .  
Rela t ive  t o  e x t r a c t a b i l i t y  of raw coa l  i n t o  DMT. 
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Table V 

Effect of using Mixed Solvents on the Extraction of Co-oxidized Coal 

Solvent System Change in Extractability. %a 
--- 85'~. 1 atm.. 20:1 (v/w) Solvent: coal --- 

25% DMF in Cumene 
2.25 hr. 
22 hr. 
26 hr. 

11% DMF in Cumene 
21 hr. 
27 hr. 

-10 
+ 7  
+ 2  

- 3  
+ 5  

--- 75OC. 2.25 hr.. 1 atm.. 20:l (v/w) So1vent:Coal --- 
Dioxane - 6  
4 : 1 -1 2 
15:4:1 (v/v) Dioxane:Picoline:CS2 -18 
4:l (v/v) Dioxane:ethylenediamine -14 

(v/v) Dioxane :4 -p icol ine 

4:l (v/v) Dioxane:acetic acid - 2  

a24 hour Soxhlet extraction. 6 hr. MeOH rinse. 15OoC 
vac. dry; % = Wt. sample-Wt. resid./Wt. sample x 100. 
Value shown is relative to the extraction of unoxidized 
coal. 

Table VI 

Effect of Base on the Co-oxidation of Coal' 

Trial Base b TempI0C 02Press.atm Time.hrs %Ext'dc 

45 
46 
52 
81 
84 
91 
94 
95 
85 
96 

121 
107 

pH 10 Na2C0 
pH 10 Na CO; 
pH 10 Bugfer 
pH 10 Buffer 
pH 10 Buffer 
10% KOH in t-butyl alcohol 
10% KOH in t-butyl alcohol 
10% KOH in t-butyl alcohol 

d pH 10 Buffered 
10% KOH in t-butyl alcohold 
10% KOR in t-butyl alcohol 
10% KOH in t-butyl alcohole 

100 
100 
100 
160 
160 
130 
85 
85 

100 
85 
85 
85 

1 
1 
1 
1.5 
1 
1.5 
1 
1 
1 
1 
1 
1 

1.5 t13 
3 + 4  
1 +18 
0.75 -10 
0.75 - 9  
0.75 - 9  
3 + 6  
1 +10 
1 - 6  
1 +13 
1 +17 
1 t 7  

:1:10 w/v coa1:cumene. appropriate initiator. 

:Relative to extractability of raw coal into D W .  

e ~ o  cumene or o2 present. ( N ~ )  

2:l baae:solvent. 

No cumene present. 

387 



Table I11 shows t h a t  no apprec iab le  quan t i ty  of  hydroperoxide  was d e t e c t e d  i n  
co-oxidized c o a l  o r  so lvent .  and a l s o  shows t h a t  thermolys is  of co-oxidized coa l  a t  
260°C did not e x h i b i t  a p o s i t i v e  e f f e c t  on t h e  subsequent e x t r a c t i o n  of t h e  coa l .  

Inf ra red- ; fna lys ia  of s e v e r a l  samples of co-oxidized coa l  showed abso rbance  a t  
about 1670 cm which i s  c h a r a c t e r i s t i c  of carbonyl s igna l s .  This was not  observed 
in  I R  spec t ra  of  unoxidized coa l .  

-. I n  a two hour period. cumene a l o n e .  is o x i d i z e d  approx ima te ly  
50%.  I n  t h e  p r e s e n c e  of c o a l ,  t h e  o x i d a t i o n  o f  cumene i s  reduced by one ha l f .  
Along with t h e  da t a  showing oxygen uptake by the  coa l  (Table I ) .  t h i s  i nd ica t e s  t h a t  
coa l  ox ida t ion  i s  occur r ing  unde r  t h e s e  r e l a t i v e l y  mi ld  c o n d i t i o n s .  E x t r a c t i o n  
v a l u e s ,  however .  w e r e  n o t  e n h a n c e d .  and  p o s t - o x i d a t i v e  t r e a t m e n t  des igned  
s p e c i f i c a l l y  t o  p r o m o t e  C - C  bond c l e a v a g e  a s s o c i a t e d  w i t h  h y d r o p e r o x i d e  
decompos  i t  i o n  were d e p r e s s i n g l y  u n s u c c e s s f u l .  Use o f  s w e l l i n g  s o l v e n t s ,  o r  
temperatures and p res su res  considered ' e leva ted '  i n  t h i s  regard were not e f f e c t i v e .  
Not only i s  it l i k e l y  t h a t  DMF added t o  t h e  coa l  matrix (21).  temperatures a t  or 
above the bo i l ing  p o i n t  of so lven t s  c e r t a i n l y  diminish oxygen s o l u b i l i t y .  and h igh  
p r e s s u r e  may have a c t u a l l y  promoted f u r t h e r  ox ida t ive  c ros s l ink ing  (4.7). Fa i lu re  
to  de tec t  hydroperoxides  i n  t h e  c o - o x i d i z e d  c o a l  does  n o t  p rove  t h e i r  absence .  
Penet ra t ion  by iod ide  i n t o  t h e  pore system may i n  f a c t  have been minimal. S imi la r ly  
a c i d - c a t a l y z e d  d e c o m p o s i t i o n  of  hydroperoxides  us ing  2% H2S04 i n  acetone (18) a t  
6OoC fo r  1 hour may have been ine f fec t ive  f o r  the  aame reason. 

It is known t h a t  phenol ic  spec ies  a r e  present  i n  c o a l  (22 ) .  and pheno l  i s  an  
oxidation product o f  cumene. E f fec t ive  i n h i b i t i o n  of t he  f r e e  r a d i c a l  r eac t ion  may 
have occurred i n  t h e  absence of  any reagent t o  n e u t r a l i z e  p h e n o l i c s .  The enhanced 
e x t r a c t i o n  obse rved  when co -ox ida t ion  was ca r r i ed  out  i n  a cumene/KOH (aqueous or 
isopropyl a l coho l )  s l u r r y  l ends  support  t o  t h i s  no t ion .  However. base a lone  i n  t he  
absence  o f  a n  o x i d a n t  i s  a l s o  known t o  s o l u b i l i z e  coal.  perhaps by e t h e r  or e s t e r  
hydro lys is  (23-25). I f  ke to  groups a r e  being formed. a s  t h e  pre l iminary  I R  suggest. 
some enhanced e x t r a c t i o n  can  be accounted f o r  a f t e r  a l k a l i n e  hydro lys is .  It i s  not 
c l e a r .  however. t h a t  carbonyl  formation should occur i n  preference  t o  hydroperoxide 
format ion .  

A t  t h i s  stage.  co-oxidation does not seem t o  be an e f f e c t i v e  means of achieving 
bond c l eavage  i n  c o a l .  T h r e e  c r i t i c a l  f e a t u r e s  o f  t h e  p r o c e s s  have n o t  been 
t h o r o u g h l y  i n v e s t i g a t e d .  however. and a r e  t h e  o b j e c t  of  ou r  on-going research. 
F i r s t .  o n l y  h igh  r a n k  c o a l s  were  t e s t e d .  It i s  l i k e l y  t h a t  subb i tuminous  or 
l i g n i t i c  coa l s  w i l l  be  more suscep t ib l e  t o  co-oxidation and hydroperoxide formation. 

Hydroperoxide  f o r m a t i o n  i n  c o a l  i s  a r e l a t i v e l y  f a c i l e  p r o c e s s .  Thermal 
decomposition o f  hydroperoxides i s  a l s o  believed t o  occur a t  t e m p e r a t u r e  as  low a s  
70°C (26) .  I f  t h i s  i s  s o .  c o - o x i d a t i o n  a t  lower t e m p e r a t u r e s  (-7OOC) may be 
necessary t o  prevent spontaneous decomposition of hydroperoxides.  More important in  
t h i s  regard. is the f a c t  t h a t  i n  t h i s  i nves t iga t ion .  t h e  co-oxidized coa l  was always 
d r i e d  a t  150°C. and  t h e r m o l y s i s  was  a t t e m p t e d  a t  250-260°C. C l e a v a g e  o f  
hydroperoxides in a n  i n e r t  atmosphere a t  these  temperatures may have indeed cleaved 
hydroperoxides. but a l s o  may have generated f r ee  r a d i c a l  s p e c i e s  which combined t o  
form mpre c r o a s l i n k s  i n  t h e  c o a l .  Not o n l y  may the rmolys i s  be achieved a t  much 
lower temperatures. t h e  presence of a s u i t a b l e  ' donor '  medium. such  a s  cumene or 
hydrogen. may result  i n  e f f e c t i v e  depolymerization. 
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ImoDucTIo~ 
Coal liquefaction by donor solvent processes (DSP) h 

over the- years many people t hrouahou t the 
s be 

world. P 
However, lignite liquefaction by -DSP was less intensively studied. We 
were interested in determining how the properties of donor solvents 
related to lignite liquefaction, particularly with lignites and under 
low pressure liquefaction conditions. 

Our approach was to synthesize a series of donor solvents 
with different properties by catalytically hydrotreating anthracene 
oil under various conditions. These solvents were tested for lignite 
liquefaction under a standard set of conditions. The liquefaction 
conditions we used were similar to those used by the Nat onal Coal 
Board in their Liquid Solvent Extraction (LSE) p r o c e s ~ . f ~ ~ ~ )  The 
criteria used for determining the effectiveness of the donor solvents 
were lignite conversion and filtrate to filter cake ratio. We have 
tried to correlate these two criteria with the properties of the donor 
solvent. These properties include total hydrogen content, aromatic 
content, donatable hydrogen, and molecular weight of the solvent. 

We also have studied the effects of other reaction 
parameters, such as solvent to lignite ratio and the difference 
between the nominal and real solvent to lignite ratio. 

KXPERIYEIYTBL 

A.  C h e m i c a l s  

Anthracene oil was purchased from Crowley Chemical Co. The 
pure grade tetralin was commercially available from Fischer Scien- 
tific. The two lignites used in these experiments were from the Gulf 
Coast, and their properties are given in Table 1. 

B. ADDaTatUS 

The reactors used for the solvent/coal ratio studies are 
better known as "Tubing Bomb" reactors. They were made of 316 stain- 
less steel tubing (3/4" OD, 0.63" ID, 5" long). Both ends were closed 
with Swagelok caps. A tee was welded at the center of the reactor to 
accommodate the gas charge port, valve, and pressure transducer. The 
design is shown in Figure 1. The reactor volume is roughly 23 ml (and 
has a maximum working pressure of 4400 psig at 538oC). 
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The reactor u s e d  fo r  t h e  s o l v e n t  q u a l i t y  s t u d i e s  was a 1- 
l i te r  Magnedrive a u t o c l a v e  from Autoclave E n g i n e e r s ,  I n c .  

The h y d r o t r e a t i n g  u n i t  f o r  p r e p a r i n g  a n t h r a c e n e  o i l  donor  
s o l v e n t s  is a c o n t i n u o u s  f e e d  u n i t .  I t  h a s  a 300 cc t r i c k l e  bed  reac- 
tor .  The reactor is f i l l e d  f i r s t  w i t h  100 cc of  i n e r t s  ( c e r a m i c  
b e a d s ) ,  t h e n  1 0 0  cc 1 /16"  e x t r u d a t e s  Ni-Mo/A1203 c a t a l y s t  from U n i t e d  
C a t a l y s t s ,  and  f i n a l l y  t h e  r e m a i n i n g  100 cc w i t h  i n e r t s  again. The 
a r r angemen t  is shown i n  F i g u r e  2.  

C. ExDerimental Procedure 

E x p e r i m e n t s  f o r  s o l v e n t  q u a l i t y  s t u d i e s  w e r e  c a r r i e d  o u t  
w i t h  a 1 - l i t e r  a u t o c l a v e .  For t h e  s o l v e n t  t o  l i g n i t e  r a t i o  s t u d i e s ,  
t h e  t u b i n g  bomb reactors were used.  

F o r  a t y p i c a l  s o l v e n t  q u a l i t y  s t u d y  e x p e r i m e n t ,  300 g of 
h y d r o t r e a t e d  a n t h r a c e n e  o i l  and 200 g of l i g n i t e  A ( d r i e d ,  40 mesh-) 
were p l a c e d  i n  t h e  reactor. The reactor w a s  p r e s s u r e  t e s t e d  for l e a k s  
a t  1000 p s i g  w i t h  n i t r o g e n .  The n i t r o g e n  gas was  r e l e a s e d  t o  atmo- 
s p h e r i c  p r e s s u r e  b e f o r e  s t a r t i n g  t h e  h e a t i n g .  

Whi l e  s t i r r i n g  a t  1000  rpm, t h e  reactor w a s  h e a t e d  s l o w l y  
( a b o u t  90 m i n u t e s )  t o  4OO0C and  was k e p t  a t  t h i s  temperature f o r  o n e  
h o u r .  The maximum p r e s s u r e  f o r  t h e s e  r u n s  was a b o u t  600-800 p s i g .  
After r e a c t i o n ,  t h e  reactor was c o o l e d  q u i c k l y  w i t h  c o l d  water ( t h e  
reactor is  e q u i p p e d  w i t h  a n  i n t e r n a l  c o o l i n g  c o i l ) .  The r e a c t i o n  mix- 
t u r e  ( l i q u i d  and  s o l i d )  w a s  t r a n s f e r r e d  and  f i l t e r e d  t h r o u g h  a 15 c m  
d i a m e t e r  Whitman #4 p a p e r  f i l t e r .  The f i l ter  f u n n e l  w a s  h e a t e d  w i t h  
steam d u r i n g  f i l t r a t i o n .  The f i l t r a t i o n  w a s  s t o p p e d  when t h e r e  was no 
o b v i o u s  l i q u i d  l e f t  i n  t h e  f i l t e r  f u n n e l .  The f i l t e r  c a k e  was t h e n  
mixed w i t h  300 m l  of  q u i n o l i n e .  The m i x t u r e  w a s  s t i r r e d  f o r  30 m i -  
n u t e s  and t h e n  f i l t e r e d  as  above ,  e x c e p t  no steam w a s  u s e d .  The f i l -  
ter cake w a s  washed w i t h  100 m l  of q u i n o l i n e  and  t h e n  it ( t h e  qu ino-  
l i n e  i n s o l u b l e s )  was  d r i e d  o v e r n i g h t  i n  a vacuum oven a t  1 l O O C .  The 
q u i n o l i n e  c o n v e r s i o n  w a s  c a l c u l a t e d  as shown below: 

Qu ino l ine  C o n v e r s i o n  % = 100% - % q u i n o l i n e  i n s o l u b l e  ( a s h  f r e e )  

The q u i n o l i n e  c o n v e r s i o n  i n c l u d e s  t h e  g a s  y i e l d .  

For t h e  s o l v e n t  r a t i o  s t u d i e s ,  2 grams of  d r i e d  40 mesh- 
l i g n i t e  B w a s  p l a c e d  i n  t h e  t u b i n g  bomb a l o n g  w i t h  t h e  a p p r o p r i a t e  
amount of t e t r a l i n  ( 2 ,  4 ,  6 ,  or 8 grams) .  For t h e  reactor l o a d i n g  
s t u d i e s ,  t h e  s o l v e n t  t o  l i g n i t e  r a t i o  was c o n s t a n t  a t  2 ,  b u t  t h e  t o t a l  
amount of the  mixture  v a r i e d  (5.5, 6.6,  8.8, and 1 2 . 1  grams). 

F o r  e a c h  t e s t ,  t h e  e x p e r i m e n t  w a s  d u p l i c a t e d .  The r e s u l t s  
r e p o r t e d  are a v e r a g e d  v a l u e s .  Fo r  a t y p i c a l  r u n  w i t h  t u b i n g  bomb 
reactors,  4 reactors w e r e  s e c u r e d  on a r a c k  which w a s  t h e n  lowered  
i n t o  t h e  p r e h e a t e d  (41WC) f l u i d i z e d  s a n d  b a t h .  A f t e r  s h a k i n g  t h e  
reactor a t  180 rpm f o r  o n e  h o u r ,  t h e  reactors w e r e  l i f t e d  from t h e  
s a n d  ba th  and q u i c k l y  quenched w i t h  c o l d  water. The reactors were 
t h e n  d e p r e s s u r i z e d .  The gas m i x t u r e  w a s  n o t  a n a l y z e d .  The reaction 
m i x t u r e  ( l i q u i d  a n d  s o l i d )  was d i l u t e d  w i t h  50 m l  o f  c y c l o h e x a n e  and  
s t i r r e d  for 30 minute?.  The mixture  w a s  t h e n  f i l t e r e d  w i t h  a medium 

i' 
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f r i t t e d  g l a s s  f u n n e l .  The f i l t e r  c a k e  w a s  washed w i t h  20 m l  of CyClO- 
hexane  and  t h e n  w a s  d r i e d  o v e r n i g h t  i n  a vacuum oven a t  llO°C. The 
c y c l o h e x a n e  i n s o l u b l e  f i l t e r  c a k e  w a s  u s e d  t o  c a l c u l a t e  t h e  CYClO-  
hexane  c o n v e r s i o n ,  as w a s  done f o r  t h e  q u i n o l i n e  c o n v e r s i o n .  

For t e t r a h y d r o f u r a n  (THF) c o n v e r s i o n s ,  t h e  c y c l o h e x a n e  i n -  
s o l u b l e  was f u r t h e r  mixed w i t h  50 m l  o f  t e t r a h y d r o f u r a n ,  s t i r r e d ,  fil- 
t e r e d ,  washed,  and  d r i e d  i n  t h e  same manner as d e s c r i b e d  above.  The 
THF c o n v e r s i o n s  were c a l c u l a t e d  s i m i l a r l y .  Again ,  a l l  t h e s e  conver -  
sions ( q u i n o l i n e ,  c y c l o h e x a n e ,  and THF) i n c l u d e  t h e  gas y i e l d s .  

The d o n a t a b l e  and aromatic hydrogens  were measured by p r o t o n  
NMR . 

RESULTS AND DISCUSSION 

A to ta l  o f  15 donor  s o l v e n t s  were s y n t h e s i z e d  by c a t a l y t i c  
h y d r o t r e a t i n g  o f  a n t h r a c e n e  oil a t  v a r i o u s  c o n d i t i o n s .  T h e i r  p r o p e r -  
t ies  are l i s t e d  i n  T a b l e  2. These  s o l v e n t s  were tested as l i g n i t e  
l i q u e f a c t i o n  s o l v e n t s  u n d e r  l o w  p r e s s u r e  w i t h  no added m o l e c u l a r  
hydrogen d u r i n g  l i q u e f a c t i o n .  The r e a c t i o n  p r e s s u r e  v a r i e d  from 600- 
800 p s i g  b e c a u s e  o f  t h e  d i f f e r e n c e  i n  vapor  p r e s s u r e  o f  t h e  s o l v e n t s  
a t  r e a c t i o n  t e m p e r a t u r e .  The u n h y d r o t r e a t e d  ( r a w )  a n t h r a c e n e  o i l  was 
a lso u s e d  f o r  compar ison  p u r p o s e s .  We a n a l y z e d  o u r  r e s u l t s  i n  rela- 
t i o n  t o  t h e  i n d i v i d u a l  p r o p e r t i e s  of t h e  s o l v e n t ,  such  as t o t a l  hydro-  
gen c o n t e n t ,  aromatic hydrogen  c o n t e n t ,  d o n a t a b l e  hydrogen ,  and 
a v e r a g e  m o l e c u l a r  w e i g h t .  In r e a l i t y ,  p r o b a b l y  e a c h  o f  t h e  above 
g r o p e r t l e q  c o n t r i b u t e s  t o  a d i f f e r e n t  degree in e a c h  s o l v e n t .  T h i s  

ay exp  a n some o f  t h e  scatter in t h e  data.  The r e s u l t s  and d i s c u s -  
sions w i l l  b e  grouped u n d e r  t h e  s o l v e n t  p r o p e r t i e s  ment ioned  above.  
We w i l l  also d i s c u s s  t h e  d i f f e r e n c e  between t h e  r e a l  and nominal  sol-  
v e n t  t o  l i g n i t e  r a t i o  e f f e c t  i n  l i g n i t e  l i q u e f a c t i o n .  

A. Effect of Total Hvdrogen Content 

We tried t o  correlate t h e  t o t a l  hydrogen  c o n t e n t  o f  t h e  s i x -  
t e e n  s o l v e n t s  (15 p r e p a r e d  f r o m  h y d r o t r e a t i n g  a n t h r a c e n e  o i l  and one 
from t h e  r a w  a n t h r a c e n e  oil) w i t h  t h e  l i g n i t e  l i q u e f a c t i o n  c o n v e r s i o n s  
( q u i n o l i n e  c o n v e r s i o n s ) .  The r e s u l t s  are shown in F i g u r e  3. The l o w -  
est c o n v e r s i o n  (71%) is a s s o c i a t e d  w i t h  lowest t o t a l  hydrogen c o n t e n t  
o f  6.5%. As t h e  t o t a l  hydrogen is i n c r e a s e d  s l i g h t l y  t o  7.228, t h e  
c o n v e r s i o n  improves  s i g n i f i c a n t l y  from 71 t o  89%. With f u r t h e r  in- 
creases in t o t a l  hydrogen c o n t e n t ,  t h e  c o n v e r s i o n  o n l y  i n c r e a s e s  
s l i g h t l y  and l e v e l s  o f f  a t  a b o u t  988, when t h e  t o t a l  hydrogen c o n t e n t  
is a b o u t  8-9%. When t h e  t o t a l  hydrogen is a g a i n  i n c r e a s e d  f u r t h e r  t o  
t h e  ne ighborhood of 1096, t h e  c o n v e r s i o n s  d e c r e a s e  t o  t h e  l o w  90's. 
The optimum t o t a l  hydrogen seems t o  be in t h e  area o f  8 t o  9%. 

B. -n 

The l i g n i t e  l i q u e f a c t i o n  c o n v e r s i o n  ( q u i n o l i n e )  is p l o t t e d  
v e r s u s  t h e  aromatic hydrogen  c o n t e n t  ( F i g u r e  4 ) .  The e f f e c t  o f  
aromatic hydrogen on l i g n i t e  l i q u e f a c t i o n  c o n v e r s i o n  is v e r y  similar 
t o  t h a t  of t o t a l  hydrogen c o n t e n t .  The l o w  c o n v e r s i o n s  are found on 
t h e  t w o  e x t r e m e  e n d s  of t h e  a r o m a t i c  hydrogen  c o n t e n t  scale.  For  
example,  t h e  l o w  c o n v e r s i o n s  o f  71 and 91% are found w i t h  t h e  h i g h e s t  
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aromatic hydrogen c o n t e n t  o f  4.6% and t h e  lowest a r o m a t i c  c o n t e n t  o f  
1.85%, r e s p e c t i v e l y .  The maximum c o n v e r s i o n  is l o c a t e d  i n  t h e  midd le  
of t h e  a r o m a t i c  hydrogen c o n t e n t  scale ( a b o u t  3%).  I n  o t h e r  w o r d s ,  a 
good process s o l v e n t  s h o u l d n ' t  b e  e i t h e r  t o o  s a t u r a t e d  or t o o  
aromatic. 

C. E f f e c t  of Donatable Hvdroaen 

The g e n e r a l  d e f i n i t i o n  o f  d o n a t a b l e  hydrogen is t h a t  hydro- 
gen of  any  m o l e c u l e  t h a t  c a n  b e  d o n a t e d  t o  t h e  coal m o l e c u l e s  or radi- 
c a l s  d u r i n g  l i q u e f a c t i o n  r e a c t i o n s .  We h a v e  t r i e d  t o  f i n d  q u a n t i t a -  
t i v e l y  how much o f  t h i s  t y p e  o f  hydrogen i n  t h e  s o l v e n t  is n e c e s s a r y  
for high c o n v e r s i o n .  We t r i e d  t o  d e t e r m i n e  t h e  v a l u e  o f  p o t e n t i a l l y  
d o n a t a b l e  hydrogen (hydrogen  a t o  t h e  aromatic r i n g )  by p r o t o n  NMR. 
The v a l u e s  are e x p r e s s e d  i n  t e r m s  of a b s o l u t e  w e i g h t  p e r c e n t  of  t h e  
hydrogen i n  t h e  s o l v e n t  t h a t  are p o t e n t i a l l y  d o n a t a b l e .  These  re- 
p o r t e d  v a l u e s  may n o t  b e  t h e  same amount o f  a c t u a l  d o n a t a b l e  hydrogen 
t h a t  is r e q u i r e d  or consumed d u r i n g  l i q u e f a c t i o n  r e a c t i o n s .  The 
d o n a t a b l e  hydrogen from o u r  s o l v e n t s  r a n g e s  f rom 1 . 4 3  t o  2 . 7 6  w t  %. 
T h e s e  v a l u e s  are p l o t t e d  a g a i n s t  t h e i r  c o r r e s p o n d i n g  c o n v e r s i o n  v a l u e s  
( F i g u r e  5). The r a w  a n t h r a c e n e  o i l  h a s  a v e r y  small amount o f  
d o n a t a b l e  hydrogen ( 1 . 4 3  w t  %) a n d ,  as e x p e c t e d  , g i v e s  a cor respond-  
i n g l y  l o w  c o n v e r s i o n  v a l u e  o f  71%. O v e r a l l ,  t h e  c o n v e r s i o n  v a l u e s  
seem t o  increase w i t h  t h e  i n c r e a s e  in t h e  amount o f  d o n a t a b l e  hydro- 
gen .  There  is no maximum p o i n t  found i n  t h i s  c u r v e  as  w a s  found w i t h  
t h e  o t h e r  t w o  ( t o t a l  and aromatic hydrogen c u r v e s ,  F i g u r e s  3 and 4 ) .  
I n  o t h e r  words, over t he  r a n g e  s t u d i e d  t h e r e  is n o  l i m i t ;  t h e  more, 
t h e  better. 

D. E f f e c t  of T o t a l  Hvdroaen on Filtrate Y i e l d  

A l i q u e f a c t i o n  process may i n c l u d e  f i l t r a t i o n  as a s o l i d /  
l i q u i d  s e p a r a t i o n  s t e p .  We w e r e  i n t e r e s t e d  t o  see i f  t h e  s o l v e n t  
p r o p e r t i e s  t h a t  enhance  h i g h  c o n v e r s i o n  a l so  enhance  h i g h  y i e l d  of  
f i l t r a t e .  I t  is p o s s i b l e  t h a t  a good d o n o r  s o l v e n t  may n o t  b e  a good 
s o l v e n t  for d i s s o l v i n g  l i q u e f i e d  l i g n i t e  p r o d u c t s .  High y i e l d  o f  f i l -  
t r a t e  may b e  j u s t  as i m p o r t a n t  as h i g h  q u i n o l i n e  or c y c l o h e x a n e  con- 
v e r s i o n s ,  b e c a u s e  i n  a commercial p r o c e s s  t h e  u s e  o f  an  e x t r a c t i o n  
s o l v e n t ,  such  a s  q u i n o l i n e ,  would  be p r o h i b i t i v e l y  e x p e n s i v e .  

The r e a c t i o n  m i x t u r e ,  a f t e r  h a v i n g  c o o l e d  t o  ambient  tem- 
p e r a t u r e ,  was f i l t e r e d .  The w e i g h t  r a t i o  o f  t h e  f i l t r a t e  t o  t h e  f i l -  
ter  cake is p l o t t e d  a g a i n s t  t h e  t o t a l  hydrogen c o n t e n t  o f  t h e  s o l v e n t  
( F i g u r e  6 ) .  T h i s  p l o t  p r o d u c e s  a c u r v e  which  is similar t o  t h a t  of 
c o n v e r s i o n  v s  t o t a l  hydrogen .  The maximum o c c u r s  a t  8 t o  9% o f  t o t a l  
hydrogen c o n t e n t .  The maximum q u i n o l i n e  c o n v e r s i o n s  a lso o c c u r  I n  
t h i s  r e g i o n .  T h i s  s u g g e s t s  t h a t  t h e  b e s t  donor s o l v e n t  p r o d u c e s  t h e  
h i g h e s t  c o n v e r s i o n  and a l s o  p r o d u c e s  t h e  h i g h e s t  f i l t r a t e  t o  f i l t e r  
c a k e  weight  ra t io ,  o r  t h e  h i g h e s t  l i q u i d  p r o d u c t  y i e l d .  

E. E f f e c t  of M o l e c u l a r  Reieht 

The a v e r a g e  m o l e c u l a r  w e i g h t  o f  t h e  1 6  s o l v e n t s  s t u d i e d  ran-  
g e s  from 1 6 0  t o  260. The c o n v e r s i o n  d a t a  are  somewhat s c a t t e r e d  
( T a b l e  2). However, t h e  s o l v e n t s  t h a t  h a v e  h i g h  c o n v e r s i o n s  (97%+) 
seem t o  have  a h i g h e r  m o l e c u l a r  w e i g h t  ( 2 0 0 + ) .  On t h e  o t h e r  hand ,  t h e  
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s o l v e n t s  w i t h  l o w  c o n v e r s i o n  seem t o  associate w i t h  lower m o l e c u l a r  
w e i g h t s .  The r e a s o n  f o r  t h i s  w i l l  b e  e x p l a i n e d  i n  o u r  s o l v e n t  t o  l i g -  
n i t e  r a t i o  s t u d i e s .  

F. E f f e c t  of So lvent  to L i m i t e  Ratio 

For t h e  s t u d y  o f  s o l v e n t  t o  coal r a t i o  e f f e c t ,  w e  u s e d  THF 
and  c y c l o h e x a n e  c o n v e r s i o n s .  For example ,  THF c o n v e r s i o n  is t h e  y i e l d  
o f  g a s e s  and THF s o l u b l e  l i g n i t e  p r o d u c t s .  The r e s u l t s  are i l l u s -  
t r a t e d  i n  F i g u r e s  7 and 8. The d a t a  s u g g e s t  t h a t  t h e r e  is  a d i f -  
f e r e n c e  between nominal  and rea l  s o l v e n t  t o  l i g n i t e  ra t io .  The 
nominal  r a t i o  is d e f i n e d  as  t h e  w e i g h t  o f  t h e  s o l v e n t  d i v i d e d  by t h e  
w e i g h t  o f  l i g n i t e  c h a r g e d  t o  t h e  reactor. The real r a t i o  i s  d e f i n e d  
as t h e  c a l c u l a t e d  w e i g h t  of t h e  s o l v e n t  i n  t h e  l i q u i d  s t a t e  a t  reac- 
t i o n  t e m p e r a t u r e  d i v i d e d  by t h e  w e i g h t  o f  t h e  l i g n i t e  c h a r g e d  i n t o  t h e  
reactor. The real r a t i o  is c o n s i d e r a b l y  smaller t h a n  t h e  nominal  ra- 
t i o  b e c a u s e  a c o n s i d e r a b l e  amount of t h e  s o l v e n t  is v a p o r i z e d  a t  r e a c -  
t i o n  t e m p e r a t u r e  o f  410OC. 

The c o n v e r s i o n  r e s u l t s  ( c y c l o h e x a n e )  are  p l o t t e d  a g a i n s t  t h e  
nominal  w e i g h t  ra t io  (open  t r i a n g l e )  and  rea l  w e i g h t  r a t i o  ( f i l l e d  
s q u a r e s ) .  The d i f f e r e n c e  is t h a t  t h e  c o n v e r s i o n  won ' t  s t a r t  l e v e l i n g  
o f f  u n t i l  a f t e r  3/1 f o r  t h e  nominal  and 1 . 5 / 1  f o r  t h e  real r a t i o .  
Thus ,  f o r  t h e  h i g h e r  m o l e c u l a r  w e i g h t  s o l v e n t ,  less s t a r t i n g  s o l v e n t  
i s  needed f o r  t h e  e q u i v a l e n t  c o n v e r s i o n .  

The e x p e r i m e n t  w i t h  nominal  s o l v e n t  t o  l i g n i t e  ra t io  o f  2/1 
w a s  r e p e a t e d  w i t h  1000 p s i g  of  hydrogen i n  one  r u n  and n i t r o g e n  i n  t h e  
o t h e r .  The c o n v e r s i o n  ( c y c l o h e x a n e )  is i n c r e a s e d  from 33% (nominal  
r a t i o )  t o  62x0, and t h e r e  is n o  d i f f e r e n c e  i n  c o n v e r s i o n  found between 
t h e  r u n  w i t h  hydrogen  a n d  n i t r o g e n .  T h i s  s u g g e s t s  t h a t  t h e  d i f f e r e n c e  
i n  c o n v e r s i o n  is due  t o  t h e  p r e s s u r e  e f f e c t .  T h a t  is ,  t h e  p r e s e n c e  o f  
t h e  h i g h  p r e s s u r e  of  hydrogen or n i t r o g e n  s u p p r e s s e s  t h e  v a p o r i z a t i o n  
o f  t h e  s o l v e n t .  Thus,  it i s  t h e  l i q u i d  s o l v e n t  t h a t  i s  i m p o r t a n t  f o r  
promot ing  h i g h  c o n v e r s i o n .  

The f a c t  t h a t  t h e  s o l v e n t  h a s  t o  b e  i n  a l i q u i d  s ta te  f o r  
optimum c o n v e r s i o n  is  a g a i n  d e m o n s t r a t e d  i n  a n o t h e r  set o f  e x p e r i -  
ments .  I n  t h i s  series o f  e x p e r i m e n t s ,  t h e  s o l v e n t  t o  l i g n i t e  r a t i o  is 
h e l d  c o n s t a n t  a t  2. The p e r c e n t  o f  t h e  r e a c t o r  volume b e i n g  f i l l e d  
w i t h  t h e  s o l v e n t  and l i g n i t e  m i x t u r e  v a r i e d  f rom 25 ,  30, 40, and 55 
volume g. The c o n v e r s i o n s ,  b o t h  c y c l o h e x a n e  a n d  THF, are p l o t t e d  
a g a i n s t  t h e  volume % o f  reactor f i l l e d  w i t h  s l u r r y  as  shown i n  F i g u r e  
8. The c o n v e r s i o n  r e s u l t s  show t h a t  t h e  c o n v e r s i o n  i n c r e a s e s  d r a m a t i -  
c a l l y  w i t h  t h e  i n c r e a s e  i n  t h e  reactor volume u s a g e  o f  30 t o  40%. 
From 40 t o  50% o n l y  a s l i g h t  i n c r e a s e  is found.  T h i s  means t h e  d i f -  
f e r e n c e  between nominal  and real s o l v e n t  ( t e t r a l i n )  t o  l i g n i t e  ra t io  
is small  once  t h e  reactor is more t h a n  40% f u l l .  

To sum u p ,  f rom o u r  s o l v e n t  p r o p e r t y  s t u d i e s ,  t h e  i d e a l  sol-  
v e n t  s h o u l d  n o t  b e  too aromatic or too s a t u r a t e d .  The p r e s e n c e  of  an 
aromatic group and  s a t u r a t e d  g r o u p  i n  t h e  same s o l v e n t  m o l e c u l e  ( s u c h  
as h y d r o a r o m a t i c s )  is n e c e s s a r y  t o  p r o v i d e  a s o u r c e  of  d o n a t a b l e  
hydrogen .  For  o u r  p a r t i c u l a r  s o l v e n t  s y s t e m  ( d e r i v e d  from a n t h r a c e n e  
oil), t h e  optimum solvent s h o u l d  h a v e  a b o u t  3% a r o m a t i c  hydrogen ,  a 
t o t a l  hydrogen c o n t e n t  o f  8 t o  9%) some d o n a t a b l e  hydrogen  ( 2 . 5 % ) ,  and 
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a h i g h  b o i l i n g  r a n g e .  From our solvent r a t io  s t u d i e s ,  a s o l v e n t  i n  a 
l i q u i d  p h a s e  is i m p o r t a n t  f o r  promot ing  h i g h  l i q u e f a c t i o n  c o n v e r s i o n ,  
and t h e  s o l v e n t  t o  l i g n i t e  ra t io  s h o u l d  b e  i n  t h e  ne ighborhood of 2 
f o r  h igh  c o n v e r s i o n .  

coN~usIoNs 
The r e s u l t s  f rom s o l v e n t  p r o p e r t y  c o r r e l a t i o n  s t u d i e s  sug- 

g e s t  t h a t  t h e  optimum l i g n i t e  l i q u e f a c t i o n  s o l v e n t  s h o u l d  h a v e  t h e  
f o l l o w i n g  c h a r a c t e r i s t i c s :  

1. Some aromatic g r o u p s  (3% a r o m a t i c  hydrogen  c o n t e n t ) ,  

2 .  Total hydrogen c o n t e n t  of  8-9x1, 

3. Some d o n a t a b l e  hydrogen  ( 2 . 5 % ) ,  

4 .  And a h i g h  b o i l i n g  p o i n t  r a n g e  ( p r e f e r a b l y  500-10000F).  

The r e s u l t s  f rom s o l v e n t  t o  l i g n i t e  r a t i o  s t u d i e s  h a v e  sug- 
g e s t e d  t h a t  o n l y  t h e  s o l v e n t  i n  t h e  l i q u i d  p h a s e  i s  i m p o r t a n t  f o r  pro- 
m o t i n g  h i g h  c o n v e r s i o n  i n  t h e s e  h i g h  t e m p e r a t u r e  reactions.  The o p t i -  
mum s o l v e n t  t o  l i g n i t e  r a t i o  is i n  t h e  ne ighborhood o f  2 .  T h e s e  re- 
q u i r e m e n t s  f o r  h i g h  l i q u e f a c t i o n  c o n v e r s i o n  are p r o b a b l y  more demand- 
i n g  f o r  our s y s t e m  t h a n  any other p r o c e s s e s  b e c a u s e  a l l  t h e  r e q u i r e d  
hydrogen f o r  s t a b i l i z i n g  t h e  l i g n i t e  l i q u e f a c t i o n  p r o d u c t s  come from 
t h e  s t a r t i n g  s o l v e n t .  We d o n ' t  add m o l e c u l a r  hydrogen t o  our sys tem;  
t h u s ,  hydrogen s h u t t l i n g  t h r o u g h  t h e  s o l v e n t  s y s t e m  is i n s i g n i f i c a n t .  
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T a b l e  1 

U e n l t e  C t m r ~ c t e r f s t i c s  

Gulf C o a s t  l . 1 i n l t e  
- - B 

31.69 22.4 

A 

M o i s t u r e  (%) A s h  R e c e i v e d  

P r o x i m a t e ,  %, Dry B a s i s  

A s h  
Vola t 11 es 
F i x e d  Carbon 

U l t i m a t e .  X .  Dry B a s i s  

C a r b o n  
R y d r o g e n  
N i t r o g e n  
Sulfur 
A s h  
m y s e n  
H/C 

B t u / l b ,  D r y  B a s i s  (talc.) 

S o l v e n t  
No. 

I' 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

15.77 
54.69 
29.54 

59.21 
5.53 
0.55 
2.91 
15.77 
16.03 
1.12 

10988 

Table 2 

D o n o r  S o l r e n t  C h . r a c t e r i e t l c s  

S o l v e  t C h s r a c  erlstlcsl- 
-rn 

6.5 
7.22 
10.26 
7.13 
9.84 
9.9 
7.84 
9.99 
9.95 
9.9 
8.19 
10.08 
9.05 
8.35 
8.11 
8.93 

4.6 
4.08 
1.85 
2.85 
2.36 
2.28 
2.63 
2.20 
2.19 
2.19 
2.67 
2.12 
2.79 
2.72 
3.08 
2.98 

1.43 
1.92 
2.05 
2.35 
2.46 
2.38 
2.43 
2.20 
2.49 
2.39 
2.46 
2.32 
2.43 
2.34 
2.43 
2.76 

173 
174 
157 
157 
169 
166 
181 
164 
168 
166 
169 
166 
196 
252 
204 
260 

11.5 
45. 
44. 

64.3 
4.5 
1.2 
1.2 

11.5 
17.4 
0.84 

10964 

C o n v e r s i o n s  ( a 2  

71 
89 
91 
92 
92 
93 
94 
94 
95 
95 
96 
96 
97 
98 
98 
9R 

l H t ,  t o t a l  h y d r o g e n  c o n t e n t ;  Ha.  a r o m a t i c  h y d r o g e o ;  Hd, d o o a t a b l e  

on m a f  

h y d r o g e n  d e t e r m i n e d  by  p r o t o n  NMR. 

2 C o n v e r s l o n  1$ t h e  sum 0 2  g a s  y i e l d  and q u i n o l l n e  s o l u b l e .  
b a s i s .  

'Raw a n t h r a c e n e  011. 
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COAL LIQUEFACTION I N  AMINE SYSTEMS 

F. Kazimi, W.Y. Chen. J.K. Chen, R.R. Whitney and B. Z i w y  

Gulf South Research I n s t i t u t e .  P. 0. Box 26518. New Orleans,  LA 70186 

I. INTRODUCTION 

In  developing a t h i r d  generat ion coa l  l i q u e f a c t i o n  technology, r e a c t i o n  sever- 
i t y .  a c r i t i c a l  c o s t  f a c t o r ,  must be minimized t o  make t h e  process  economically 
competi t ive wi th  petroleum ref in ing .  Accordingly t h e r e  is a n  incent ive  f o r  the  
development of lower s e v e r i t y  processes  which could s i g n i f i c a n t l y  reduce conversion 
cos ts .  

The novel ty  of  t h e  process  w e  are developing arises from both t h e  l i q u e f a c t i o n  
solvent  s e l e c t i o n  and t h e  design of l i q u e f a c t i o n  condi t ions.  Low molecular weight 
ni t rogen compounds were se lec ted  f o r  l i q u e f a c t i o n  so lvents  i n  accordance wi th  recent  
a t t e n t i o n  on t h e  h igh  d i s s o l u t i o n  power of n i t rogen  he terocycles  i n  c o a l  l iquefac-  
t ion .  An e x c e l l e n t  review of the  r o l e  of these  nuc leophi l ic  so lvents  w a s  reported 
by Atherton and Kulik at  t h e  AIChE Annual Meeting i n  1982. I n  a separa te  approach, 
s u p e r c r i t i c a l  f l u i d  technology was a l s o  appl ied t o  coa l  l i q u e f a c t i o n  t o  enhance 
s o l u b i l i t y  of coal-derived products ,  minimize mass t r a n s f e r  l i m i t a t i o n  and, there- 
f o r e ,  reduce process  s e v e r i t y  (Williams, 1981). The low molecular weight so lvents  
chosen f o r  use i n  t h e  present  s tudy allowed l i q u e f a c t i o n  t o  be  performed a t  super- 
c r i t i c a l  so lvent  condi t ions  while  maintaining operat ing temperatures w e l l  below t h e  
most commonly used l i q u e f a c t i o n  temperature (400°C). These design c r i t e r i a  were 
appl ied t o  achieve high conversion a t  mild condi t ions.  

I n  our  f i r s t  year  of t h e  s tudy,  complete d i s s o l u t i o n  of two low rank coa ls  i n  
amine was achieved a t  temperatures  below 300'C (Chen and Kazimi, 1984). This  l e v e l  
of conversion i n  a s i n g l e  s t a g e  opera t ion  a t  such mild condi t ions  i s  s t r i k i n g l y  
h igher  than any o ther  repor ted  organic  d isso lu t ion  of c o a l  a t  equivalent  tempera- 
t u r e s .  I n  t h i s  paper, we fepor t  our  cont inuing e f f o r t s  t o  develop a c o a l  l iquefac-  
t i o n  process using amines. The e f f e c t s  of processing v a r i a b l e s ,  so lvent  property 
and coal  rank on  c o a l  conversion have been examined. Further ,  t h e  product q u a l i t y ,  
solvent  removal from products  and chemical recovery of t h e  solvent  are discussed.  

11. EXPERIMENTAL. 

A. Liquefact ion 

slow heat ing tub ing  bomb system was descr ibed i n  an e a r l i e r  paper (Chen and K a z i m i ,  
1984). The P a r r  bomb, used f o r  chemical conversion of incorporated so lvent ,  is 
described i n  t h e  next  sec t ion .  A second tubing bomb system which provides  rapid 
heat ing.  and therefore  isothermal  k i n e t i c  s tudy,  is shown i n  Figure 1. Approxi- 
mately 1 g of c o a l  sample was placed i n  t h e  upper end of the  v e r t i c a l  p a r t  of t h e  
3/8 i n .  O.D. s t a i n l e s s  steel tube. The sample was held i n  p lace  by a plug of 
loosely packed g l a s s  wool. Glass wool was a l s o  placed i n  the  s i d e  unions of the  
r e a c t o r  and he ld  i n  p l a c e  by 200 mesh s t a i n l e s s  steel screen  on e i t h e r  s i d e  of t h e  
union (Fig. 1). The r e a c t o r  was pressure t e s t e d  with helium gas  f o r  poss ib le  leaks  
and then evacuated f o r  ten  min. A hea t ing  tape  was t i g h t l y  wrapped around the  
e n t i r e  hor izonta l  s e c t i o n  of t h e  reac tor .  Three thermocouples were placed a t  th ree  
d i f f e r e n t  l o c a t i o n s  t o  monitor the  temperature uniformity of t h e  reac tor .  Convec- 
t i v e  heat  l o s s  was minimized by wrapping a n  i n s u l a t i n g  tape  on top of t h e  heat ing 
tape.  A second hea t ing  tape was then wrapped on t h e  top v e r t i c a l  s e c t i o n  of t h e  
r e a c t o r  with a thermocouple monitoring t h e  temperature. 

Three d i f f e r e n t  systems were used f o r  l i q u e f a c t i o n  of t h e  c o a l  samples. The 

The amount of so lvent  added t o  give a des i red  so lvent  d e n s i t y  i n  t h e  pre- 
evacuated r e a c t o r  was  measured by a bure t  connected t o  t h e  so lvent  charge l i n e .  
Solvent  dens i ty  was c a l c u l a t e d  from t h e  measured volume of t h e  r e a c t o r  and t h e  
dens i ty  of t h e  so lvent  a t  room temperature. Af te r  charging t h e  h o r i z o n t a l  sec t ion  
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of the  r e a c t o r  with solvent  t h e  lower heat ing t a p e  w a s  turned on. The temperature 
was allowed to reach approximately 10°C above t h e  des i red  value. The charge cyl in-  
der  w a s  evacuated and pressur ized  with helium gas to a pressure of 1100 psig.  The 
solenoid va lve  was then pulsed f o r  1-1.5 s,  thus  pushing the  coa l  sample i n t o  t h e  
heated solvent .  The temperature c o n t r o l l e r  was then lowered t o  give the  des i red  
s teady state reac t ion  temperature, which was usua l ly  reached in 1 to 2 min. A t  the  
same t i m e ,  t h e  upper hea t ing  tape  was turned on t o  provide t h e  same temperature t o  
t h e  v e r t i c a l  tube. 

A t  a predetermined time heat ing was stopped, t h e  i n s u l a t i o n  removed and t h e  
system allowed t o  cool  t o  room temperature (temperature dropped 100°C i n  5 min). 
Solvent and product were discharged i n t o  a f l a s k  a t  approximately -10°C. The 
reac tor  w a s  then washed with pyr id ine  u n t i l  t h e  e f f l u e n t  ran c lear .  To insure  t h a t  
no so luble  product remained on any r e a c t o r  sur faces ,  the  reac tor  was washed again 
using the  l iquefac t ion  solvent .  In some cases  the  pyr id ine  wash was l e f t  out. The 
system was then purged with helium f o r  10 min and evacuated f o r  f i v e  min. The 3/8 
in .  reac tor  was disengaged from the  system and weighed. The tube was s tored  i n  a 
des icca tor  containing CaS04 o r  P 0 absorbent .  

Weight loss data  were obtained from t h e  d i r e c t  measurement of t h e  res idue  
removed from the reac tor .  Liquid products were cent r i fuged ,  f i l t e r e d  and then 
ro ta ry  evaporated. The d i s t i l l a t e  and evaporat ion res idue  were saved f o r  f u r t h e r  
ana lys i s ,  

2 5  

B. Chemical Conversion of Incorporated Solvent 

incorporated so lvent ,  a one l i t e r  s t i r r e d  Par r  r e a c t o r  v e s s e l  was used. The reac tor  
was loaded with 47.6 g coal, then pressure tested with helium f o r  poss ib le  leaks  and 
evacuated. The amine (250 ml) w a s  added by a bure t .  The Parr v e s s e l  was placed i n  
a preheated hea t ing  j a c k e t  a t  290°C f o r  5 h r s .  The l i q u e f a c t i o n  so lu t ion  was 
f i l t e r e d  and t h e  f i l t e r  cake washed wi th  pyr id ine  until t h e  f i l t r a t e  was c l e a r .  The 
f i l t r a t e  was ro ta ry  evaporated and t h e  two f r a c t i o n s  ( d i s t i l l a t e  and evaporat ion 
residue)  were saved f o r  f u r t h e r  ana lys i s .  The d i s t i l l a t e  was recycled to the  
f i l t r a t i o n  u n i t  a s  the  washing solvent .  then back t o  the  ro ta ry  evaporator. 
Evaporation and f i l t r a t i o n  were performed i n  a c losed loop t o  prevent solvent  
contact  with a i r .  (Amine was found t o  r e a c t  wi th  COP, forming undesired products. 
This was a l s o  the  reason pyr id ine  was used as washing solvent . )  Dried res idue  i n  
t h e  f i l t r a t i o n  funnel  was weighed to obta in  weight l o s s  da ta .  
the  tubing bomb and Parr  bomb r e a c t o r s  were c o n s i s t e n t .  

To provide a l a r g e  amount of product f o r  t h e  s tudy of chemical conversion of 

Weight l o s s  da ta  from 

Chemical conversion of incorporated so lvent  was s tudied  using a 0.75 in .  o.d., 
9.75 in .  long 316 s t a i n l e s s  steel batch r e a c t o r  sea led  by two caps. 
loaded with a known amount of t h e  t a r r y  coal-derived product and the  s t r i p p i n g  
solvent  i n  a hel ium-fi l led glove box. For steam s t r i p p i n g  experiments, 20.38 g of 
aqueous H2S04 so lu t ion  a t  pH 0.39 w a s  added i n t o  the  r e a c t o r  with 1.64 g of the  
t a r r y  l iquefac t lon  product. Solu t ion  volume was determined t o  maintain reac tor  
pressure below 1500 p s i  a t  r e a c t i o n  temperature. The weight of the  t a r r y  sample was 
chosen so t h a t  t h e  f i n a l  pH va lue  would be 3.0, assuming complete n e u t r a l i z a t i o n  of 
incorporated amine by the  ac id .  In methanol and e thanol  s t r i p p i n g  runs,  so lu t ion  
volume was ca lcu la ted  t o  achieve s u p e r c r i t i c a l  condi t ions.  By keeping the  r a t i o  of 
moles of solvent  to sample weight t h e  same i n  a l l  runs. sample s i z e s  used i n  meth- 
anol  and ethanol  runs were 0.64 g and 0.59 g. respec t ive ly .  The r e a c t o r  was placed 
i n  a preheated furnace a t  2 7 1 O C  f o r  2 .5  hrs ,  then cooled to room temperature. The 
e x t r a c t  and res idue  were separated by f i l t r a t i o n .  Steam run f i l t r a t e  was f u r t h e r  
ex t rac ted  three  t i m e s  using 6 m l  toluene. 
so lu t ion  to pH 11.03. A p r e c i p i t a t e  formed. Af te r  f i l t e r i n g ,  t h e  water f r a c t i o n  
was again ex t rac ted  3 times us ing  6 m l  to luene.  
runs were ro ta ry  evaporated t o  f l a s h  off t h e  s t r i p p i n g  solvent  u n t i l  a constant  
condensate weight was obtained.  

The reac tor  was 

The water f r a c t i o n  was t i t r a t e d  with NaOH 

F i l t r a t e s  from methanol and ethanol  
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included PSOC1351. Ill. 86 seam, high volatile C bituminous; PSOC1405P. Upper Wyodak 
Seam, subbituminous B; and PSOC1406P. Klnnema Creek Seam, lignite. These minus 20 
mesh samples were shipped in one pound cans filled with argon, then transferred into 
small vials under dry helium and stored in a helium-filled desiccator. A suuimary of 
the proximate and ultimate analyses for each coal is shown in Table 1. 

It is assumed that water is completely removed by the solvent during lique- 
faction. i.e., 

as received wei ht loss - moisture content conversion to “Ivent extract = 1 - moistur: content - ash content (daf, i.e., dry and ash free) 
Since the primary interest is the conversion of organics in the coal to extracts, 
daf basis will be used in the subsequent discussion unless otherwise mentioned. 

111. RESULTS AND DISCUSSION 
A. Effect of Solvent Property 

Dissolution of coal was found to be strongly dependent on the choice of the 
nitrogen containing solvent. Seven solvents with an assigned solvent property 
number were examined. The correlation of conversion and the assigned property 
number is illustrated in Figure 2. It is evident that as the number increases 
conversion also’increases. 

B. Effect of Temperature 
Temperature is the most important processing variable in these studies. For 

example, in one of the selected amines the conversion of North Dakota lignite to 
solubles increased continuously from 60 percent at 220OC to 100 percent at 275OC 
(Figure 3). When compared with some other liquefaction solvents, such as recycle 
distillate cuts (Bockrath and Illig, 1984). 1.2.3.4-tetrahydroquinoline (Atherton 
and Kulik, 1982) and indole and indoline (Padrick &. 1984). the amines chosen by 
us show an equal or higher conversion at considerably lower temperatures. This 
implies that reaction severity can be greatly reduced using the solvents we se- 
lected. Results of a comparative study of liquefaction in amine vith vacuum pyroly- 
sis and tetralin hydroliquefaction. included in Figure 3, also suggest that the same 
o r  higher conversion can be obtained under very m i l d  conditions using the solvents 
we selected. Figure 3 also shows that a sharp increase in reactivity took place 
between 230 and 250°C. This observation is consistent with the study of reaction 
time effect at different temperatures (Section 1II.F). 
C. Effect of the Coal Bank 

coals. While a complete dissolution of lignite (North Dakota coal) and subbitumi- 
nous (Wyodak coal) was achieved at temperatures lower than 300°C. dissolution of the 
bituminous coal (Illinois #6 coal) was lower than the l o w  rank coals. However, this 
was still much higher than dissolution in commonly used solvents. These results 
support speculation that interactions between oxygen functionals in the coal and the 
nitrogen solvent may be the governing factor in liquefaction at mild conditions 
(Atherton, 1984). 

D. 

materials appeared to be independent of the system density. In addition, solvent to 
coal ratio (s/c) did not appear to effect conversion when s/c was above 1 f1  (w/w). 
Some of the North Dakota lignite conversion data shown in Figure 3 were obtained at 
a different density, but were found to fit the curve drawn for temperature effect at 
a constant density. It should be mentioned that solvent density changed from 
subcritical to supercritical within this density range. Therefore. since conversion 
is not dependent on density it could be implied that conversion is limited by 
chemical reactions. 

Figure 3 includes the liquefaction results of subbituminous and bituminous 

Effect of Solvent Density and Solvent-to-Coal Ratio 
Solvent density was varied from 0.2 g/ml to 0.6 gfml. Conversion to soluble 

E. Effect of Hydrogen 
Figure 3 also shows data from liquefaction experiments with amine and hydrogen 

mixture. In the presence of hydrogen the same level of conversion can be achieved 
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while reducing the reaction temperature by 10OC. 
F. Effect of.Reaction Time 

reactor system was modified to provide rapid heating and minimize non-isothermal 
effects (Fig. 1). These conditions facilitated the kinetic interpretation Of 
experimental data. The conversion data were taken a t  three different temperatures. 
and at least three different reaction times for each temperature were studied. 

Since the process under study appeared to be governed by chemical reaction. the 

Figure 4 shows data obtained at 230, 250 and 275'C a t  reaction times between 30 
and 120 minutes. Conversion increased continuously with increasing time for a l l  
three temperatures. At 275'C complete dissolution of coal was observed in 90 min. 
while a t  lower temperatures the conversion is substantially lower. Conversion 
greater than (daf) 100% was observed. This phenomena may be due to dissolution of 
some ash (mineral matter) from the coal. 
G. Process Chemistry 

Figure 5 is a flow chart of one liquefaction experiment showing the subsequent 
product-handling. 
mass balance is the first step in understanding chemical reactions and pathways. 
The chart also contains a number of analyses performed on selected samples. 

Careful monitoring of stoichiometric balance was essential since 

, 

1. Mass Balance 
Reaction gases were collected from a tubing bomb liquefaction run and 

analyzed on a GC using 1 / 4  in. S . S .  Chromosorb 102 column and an 1/8 in. S.S. 
molecular sieve column. Fig. 5 shows the analysis of a gas sample. From the 
identification of all the major gaseous products, it was determined that less than 
1% of the carbon present in the coal was converted to these gases. Total gases 
produced were approximately 0.2% of the daf coal weight used for liquefaction. C02 
was notably absent in the gas stream, having possibly reacted with the amine to form 
other compounds. and butane in the gas product also indicated 3 that the amine was hydrogenated and cleaved during liquefaction. 

The presence of NH 

After collecting the gas sample the liquefaction residue was washed with 
fresh solvent. The resulting solution was centrifuged, filtered and rotary evap- 
orated to obtain two distinct fractions. Selected solid samples were chosen for 
characterization. 
1.68% and 2.2% of the as received coal, respectively. 
analysis, the centrifuge residue contained high concentrations of calcium and 
silicon, as well as measurable amounts of Al. S .  Fe, Cu, Mg and Ni. 

The residues produced in centrifugation and filtration steps were 
From energy dispersive X-ray 

2 .  Product Characterization 
Following fractionation a set of characterization techniques, summarized 

One was black tarry material (solid prod- 
in Fig. 5 ,  were used to explore the governing chemistry. Two distinct fractions 
were obtained after rotary evaporation. 
ucts) and the other clear liquid (distillate). The solid sample's weight was 2.5 
times that of the original daf coal, which indicates extensive solvent incorporation 
during liquefaction. 

The pure solvent and the distillate fraction from evaporation were analyz- 
ed by GC (Fig. 6 ) .  The major liquefaction product in the distillate appears to be 

The structure 05 the concentrated (through distillation) compound was established by 
GC/MS, IR, and H NMR. Its presence suggests that amine attacks carbonyl groups in 
coal and may be a hydrogen source in liquefaction. 
evaluating solvent recovery processes. Solvent impurity peaks a and b have repeat- 
edly been shown t o  have same retention time, Figure 6. 

This compound may be a key in 
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The t a r r y  res idue  a f t e r  evaporat ion w a s  s tored  i n  a vacuum d e s i c c a t o r  f o r  
40 days at  which t i m e  t h e  s o l i d ,  now f a i r l y  dry,  reached a constant  weight 1.39 
t imes the o r i g i n a l  daf coa l .  The d e t a i l e d  desorpt ion s tudy is descr ibed l a t e r  in 
t h i s  paper. A f t e r  desorpt ion t h e  condensed t a r r y  compound was character ized by 
fequent i  

H NMR, *3C NMR and TGA. The r e s u l t s .  d iscussed below, can a l s o  be  compared with 
t h e  previously repor ted  a n a l y s i s  of t a r r y  sample before  40 days s torage  (Chen and 
Kazimi, 1984). 

Soxhlet ex t rac t ion .  vapor pressure  osmometry, elemental a n a l y s i s ,  GC/MS, 

In sequent ia l  Soxhlet  e x t r a c t i o n s ,  t h e  procedure developed by M i m a ,  ets. 
(1976) was employed. The conversion of t h i s  s o l i d  product t o  oils, asphal tenes  and 
preasphal tenes  were 31.9%. 55.0% and 9.61%, respec t ive ly .  Only 3.5% was pyridine 
insoluble .  The average molecular weight of the  t a r r y  products ,  using vapor  pressure 
osmometry. was about 610. Pyr id ine  was used a s  solvent  in t h e  ana lys i s .  

Elemental a n a l y s i s  was performed on s e l e c t e d  samples. These analyses  
showed t h a t  most oxygen and s u l f u r  i n  l i g n i t e  converts  t o  l iqu id  products  i n  t h e  
d i s t i l l a t e  after r o t a r y  evaporat ion of t h e  whole d isso lved  product (Fig. 5 ) .  This 
s t rengthens  the theory t h a t  cleavage of oxygen func t iona ls  is c r i t i c a l  in the  e a r l y  
s t a g e  of coa l  l i q u e f a c t i o n ,  and t h a t  nuc leophi l ic  so lvents  a r e  very e f f i c i e n t  i n  
accomplishing t h i s  reac t ion .  

Solvent incorpora t ion  can a l s o  be  deduced from t h e  n i t rogen  content  of t h e  
s o l i d  product. 
1.39 times tha t  of  t h e  o r i g i n a l  daf c o a l  af ter  40 days i n  vacuo. Assuming the 
weight ga in ,  0.39 g p e r  1 g of daf coal .  was due t o  incorporated solvent  i n  its 
o r i g i n a l  molecular form, then t h e  n i t rogen  content  of t h e  so l id  product would be  
6.39%. 
tween the  two numbers i n d i c a t e s  t h a t  so lvent  condensation took p lace  during lique- 
fac t ion .  I n  f a c t ,  a s i g n i f i c a n t  amount of NH was present  i n  the product gases. 

As mentioned e a r l i e r ,  t h e  s o l i d  product  reached a cons tan t  weight 

Di rec t  e lemental  a n a l y s i s  showed 5.68% ni t rogen  content .  The d i f fe rence  be- 

3 
I n  the 'H NMR spectrum of t h e  s o l i d  sample dissolved i n  dimethylsulfoxide, 

S i m i l a r  r e s u l t s  were a l s o  
Figure 7 ,  i t  is i n t e r e s t i n g  t o  note  t h a t  no c l e a r  aromatic  hydrogen peaks appear 
around 6 7 or conjugated double bonds between 6 4.5 t o  8. 
obtained when t h e  sarygle was dissolved i n  D5-pyridine and C D C l  . 
l e d  us t o  perform a A sharp peak around 123 ppm i n d i c a t e s  the  
ex is tence  of aromatic  carbon. The absence of aromatic  hydrogen could imply t h a t  
carbons a t  the  o u t s k i r t s  of fused aromatic  c l u s t e r s  were s u b s t i t u t e d  during coa l  
l i q u e f a c t i o n  i n  amine. 

This observat ion 
C NMR analys is .  

The thermogravimetric curve of t h e  t a r r y  product is shown i n  Figure 8. 
The sample was der ived  from t h e  P a r r  r e a c t o r  r a t h e r  than t h e  tubing bomb, d i f f e r i n g  
mainly i n  the  use of pyr id ine  wash a f t e r  l i q u e f a c t i o n  ( s e e  Experimental Section). 
The thermogravimetric a n a l y s i s  w a s  performed i n  n i t rogen  with 20°C/min. heat ing 
rate. 
and a l l  organics had been v o l a t i l i z e d  below 8OO0C. 

The thermogram i n d i c a t e s  t h a t  the sample lost 50% of its weight below 300'C 

H. Solvent Incorpora t ion  and Recovery 

produced a t a r r y  product  which had a weight 1.65 and 2.5 times t h e  o r i g i n a l  daf coa l  
weight, respec t ive ly .  
conducted. 

Evaporation of t h e  pyr id ine  washed and l i q u e f a c t i o n  amine washed samples 

To measure the solvent  recovery t h r e e  d i f f e r e n t  tests were 

1. Washing with a Second Solvent 
To measure t h e  incorporated so lvent ,  an amine o t h e r  than t h e  l iquefac t ion  

The combined l i q u e f a c t i o n  and washing solu- 

General ly  2.0 g of amine was used with 1.0 g 

solvent  was used t o  wash t h e  reac tor .  
t i o n  was analyzed by GC. 
solvent  was consumed p e r  1 g daf coal. 
of coal i n  l iquefac t ion .  

The a n a l y s i s  ind ica ted  t h a t  0.59 g of the  l iquefac t ion  

406 



I 
r: 
k. 

\ 

r 

2 .  Physical  Desorption 
Af te r  ro ta ry  evaporat ion,  t h e  t a r r y  product (2.5 times t h e  daf coa l  

weight) was s tored i n  vacuo f o r  desorpt ion s tudies .  
sample. t h e  evaporated f r a c t i o n  was found t o  be r i c h  i n  nitrogen-containing com- 
pounds. 
t i o n  is  proport ional  t o  t h e  amount of absorbed mater ia l ) :  

From elemental a n a l y s i s  of  t h i s  

The desorpt ion process  fol lows the  Langmuir equat ion ( t h e  r a t e  of desorp- 

Y = l.001e-0'65t + 0.166e-0*065t + 1.390 

t = t i m e  i n  days. 
where Y = sample weight/daf coa l  w t  

Y approached an asymptotic value,  1.390, which implied t h a t  0.39 g so lvent  per  1 g 
daf coal  w a s  incorporated i n t o  t h e  coa l  product. The presence of two exponent ia l  
terms i n d i c a t e s  t h a t  the  solvent  removal i s  a two s t e p  process. One may be the  
evaporat ion of a l i g h t  o r  loosely held f r a c t i o n  (e.g., Van der Waal force-bonded) 
from a t a r r y  matr ix ,  while  t h e  o ther  s t e p  may requi re  t h e  removal of a f r a c t i o n  
which i s  heavier  or more t i g h t l y  bound. 

3 .  Chemical Conversion of Incorporated Solvent 
Coal l iquefac t ion  was reported t o  involve t h e  cleavage of oxygen cross- 

l i n k s  such as e s t e r s  (van Bodegom. et&., 1984); t h e r e f o r e ,  i t  was speculated t h a t  
solvent  amine was incorporated i n t o  products  a s  amide. Aqueous ac id ,  e thanol ,  and 
methanol were employed t o  remove n i t rogen  containing spec ies  from coal  der ived 
products. 
a c i d s  through nucleophi l ic  s u b s t i t u t i o n  by water and alcohols .  
was used i n  t h i s  study because i t  has  a very  high oxygen content (24%. d a f ) .  

Using t h i s  approach, amides might be converted i n t o  amines and carboxyl ic  
North Dakota l i g n i t e  

Figure 9 i l l u s t r a t e s  t h e  sample handling flow c h a r t  and major ana lyses  f o r  
t h e  products der ived from methanol s t r i p p i n g ,  which d isso lved  52.4% of t h e  t a r r y  
products .  The s o l i d  res idue  was character ized by sequent ia l  Soxhlet e x t r a c t i o n s ,  
vapor pressure osmometry (V.P.O.) and elemental ana lys i s .  Conversion of t h i s  s o l i d  
product t o  hexane, benzene and pyridine so lubles  was 10.8, 8.6 and 55.7%, respec- 
t i v e l y ,  while 24.8% was pyridine inso luble .  V.P.O. w a s  used f o r  determinat ion of 
molecular weight, with pyr id ine  as t h e  so lvent .  The measured average molecular 
weight w a s  1951. The l i q u i d  phase a f t e r  s t r i p p i n g  was f i l t e r e d  and then evaporated 
under vacuum a t  4OoC. The r e s u l t i n g  t a r r y  f r a c t i o n  (0.55 g) was a l s o  charac te r ized  
by sequent ia l  Soxhlet e x t r a c t i o n s ,  V.P.O. and elemental  ana lys i s .  More than 92% of 
t h i s  t a r r y  f r a c t i o n  was hexane so luble  and i t  was completely dissolved i n  pyridine.  

Mater ia l  balance ind ica ted  t h a t  63% of t h e  ni t rogen i n  t h e  t a r r y  
l i q u e f a c t i o n  product was converted t o  e x t r a c t s  and 13% t o  the d i s t i l l a t e  f r a c t i o n .  
Analyses of  the d i s t i l l a t e  f r a c t i o n  by GC/MS and i n t e r p r e t a t i o n  of t h e  s p e c t r a  a r e  
cur ren t ly  being performed. I n  e thanol  s t r i p p i n g ,  s i m i l a r  r e s u l t s  were obtained.  

Figure 10 i l l u s t r a t e s  t h e  sample flow char t  i n  steam treatment .  Only 15% 
of coal  l iquefac t ion  products dissolved i n  steam, and based on t h e  elemental  analy- 
s is  more than 39% ni t rogen  was removed from the  c o a l  l iquefac t ion  products .  From 
V.P.O. ana lys i s ,  t h e  average molecular weight of steam t rea ted  products w a s  648, 
which i s  s l i g h t l y  higher  than t h e  t a r r y  product before  s t r ipp ing .  I n  sequen- 
t i a l  Soxhlet ex t rac t ions ,  t h e  conversion of hexane, benzene and pyr id ine  was 41.7, 
15.1 and 34.21, respec t ive ly .  Toluene e x t r a c t i o n  f r a c t i o n s  and p r e c i p i t a t i o n  s o l i d s  
a r e  cur ren t ly  under ana lys i s .  

The t o t a l  s o l i d  products  recovered a f t e r  s t r i p p i n g  with methanol, e thanol  
and steam were 92, 85 and 96%, respec t ive ly .  In t h e  ca lcu la t ion  of a lcohol  
s t r i p p i n g  data ,  s o l i d s  l e f t  i n  t h e  s t r i p p i n g  u n i t  and evaporator were taken i n t o  
considerat ion.  I t  i s  worth mentioning t h a t  t o t a l  asphal tene f r a c t i o n  decreased 
during s t r ipp ing .  
it is c l e a r  t h a t  asphal tene converted t o  preasphal tene and pyridine- insolubles .  
Only a small f r a c t i o n  of asphal tene converted to  o i l  i n  a lcohol  s t r i p p i n g s .  

From t h e  Soxhlet e x t r a c t i o n  d a t a  of a l l  th ree  s t r i p p i n g  products ,  

A l l  
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s t r i p p i n g  products  showed higher  oxygen content ,  i n d i c a t i n g  t h a t  water  and alcohol  
were involved i n  t h e  reac t ion .  We intend to  perform I R  a n a l y s i s  so t h a t  the  
s p e c i f i c  pathway of oxygen funct ional6 can be  elucidated.  

I V  . CONCLUSIONS 

Systematic s tudy  of c o a l  l i q u e f a c t i o n  with amine cont inues t o  demonstrate t h e  
promise of t h e  process  under development. The fol lowing t a b l e  compares some of our  
experimental r e s u l t s  with those of a t y p i c a l  te t rahydoquinol ine e x t r a c t i o n  (Atherton 
and Kulik. 1982) 

$2 Amine (GSRI) 
Temperature, 'C 21 5 
Pressure,  p s i  <so0 1100 
Gas Product, w t %  < 1% %lor 
Conversion t o  Solubles  (daf) 100% 95% 
Product U n d i s t i l l a b l e  a t  5OO0C %30%* QOZt  
Molecular weight of t a r r y  product 6 I O  -- 

*See Figure 8 .  
tUndissolved coa l  i s  included a s  u n d i s t i l l a b l e .  

We a r e  p a r t i c u l a r l y  encouraged by the f a c t  t h a t  t h e  major i ty  of the  t a r r y  
product is d i s t i l l a b l e  a t  500'C. This  sugges ts  thac t h e  incorporar ted solvent  is 
l i k e l y  t o  be removed by d i s t i l l a t i o n .  Fur ther  development of the  process  requi res  a 
b e t t e r  understanding of process  chemistry t o  determine 1) t h e  governing chemical 
i n t e r a c t i o n s  between amines and coa l  and 2) the  type of solvent  recovered by physi- 
c a l  separa t ion  or chemical conversion so t h a t  it can be recycled.  
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Table 1. Propert ies of Coals Used i n  the Liquefact ion Study 

Sample PSOC-1351 PSOC-1405P PSOC-1406P 
Rank HVCB SUBB L i g n i t e  
Province I n t e r i o r  A. Gr. Plains N. Gr. Plains 
State I l l i n o i s  Xyoming N. Dakota 
Moiscure 8.08 19.82 29.64 
Ash 10.56 7.15 8.23 
V o l a t i l e  matter 31.08 38.23 21.32 
Fixed carbon 44.28 34. 80 30.80 
C. daf. X 76.26 74.40 61.12 

5.46 
1.34 
2.03 
16.73 
0.88 

8. daf; X 4.85 
N. daf, Z 1.32 
S. daf. X 5.31 
0; (I by d l f f . )  12.26 
a/c (atomic) 0.76 

4.97 
1.40 
1.33 
24.58 
a.88 
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Figure 1. Experimental Arrangement 
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RETROGRADE REACTIONS OF PHENOLIC COAL 
CONSTITUENTS: SELF-COUPLING REACTIONS 

OF DIHYDROXY AROMATIC STRUCTURES 

Donald F. McMillen, Sou-Jen Chang, 
S .  Esther  Nigenda. and Ripudaman Malhotra 

SRI  I n t e r n a t i o n a l  
Menlo Park, Ca l i fo rn ia  94025 

IllPBODIlCTION 

Importance of OH Groups i n  Coal Processing 

I t  is  general ly  agreed t h a t  the evolut ion of phenolic groups is  a c r i t i c a l  p a r t  of 
coal  l i que fac t ion .  However, l i t t l e  is known about the homogeneous chemical r eac t ions  
which, during l i q u e f a c t i o n ,  br ing about deoxygenation on the one hand, or coupling 
r eac t ions  on the  o the r  hand. This is p a r t i c u l a r l y  t r u e  f o r  polyhydroxy aromatic 
s t ruc tu res .  For i n s t ance ,  a l though polyhydroxybenzenes a r e  a basic u n i t  of l i g n i n  
s t r u c t u r e s  and a r e  presumed t o  p e r s i s t  i n  low-rank coa l  s t ruc tu res ,  polyhydroxyben- 
zenes a r e  not s u b s t a n t i a l  cons t i t uen t s  of l i que fac t ion  products (L,, . I n  con t r a s t ,  
pyrolysis  of l o r r a n k  coa l s  under condi t ions t h a t  minimize secondary r eac t ions  of 
evolved v o l a t i l e s  produces l a rge  amounts of dihydroxy benzenes (2,. I n  some cases ,  
dihydroxybenzenes a r e  even the dominant component of the v o l a t i l e s  (4,. Thus, i t  is 
c l e a r  that  under coa l  l i q u e f a c t i o n  condi t ions,  these dihydroxyaromatics r eac t  e i t h e r  
i n  "simple" dehydroxylat ions or i n  condensation processes t o  form high molecular 
weight products.  Since the  former process i s  highly d e s i r a b l e  and the  l a t t e r  highly 
undesirable ,  i t  is important t o  understand the chemistry responsible  f o r  these pro- 
cesses .  I n  t h i s  paper,  we desc r ibe  i n i t i a l  r e s u l t s  of model compound and coal  l ique-  
f a c t i o n  s tud ie s  designed t o  e l u c i d a t e  the  self-coupling r eac t ions  of dihydroxyaromat- 
I C s  t h a t  m y  account both fo r  the disappearance of Ar(OH)2 s t r u c t u r e s  during coal  
l i que fac t ion  and the degradat ion of l i que fac t ion  and py ro lys i s  p rope r t i e s  t ha t  of ten 
occurs upon coa l  "aging" (5,. 

Self-coupling of ArOH 

With s i m p l e ,  monocyclic phenols,  coupling can be induced a t  room temperature by the 
presence of oxygen, base,  and t r a n s i t i o n  metal c a t a l y s t ,  as descr ibed i n  the l i t e r -  
a t u r e  fo r  the p repa ra t ion  of polyphenylene oxide polymers (k). Simple, b i cyc l i c  
phenols a r e  known t o  couple t o  form b ia ry l  or d i a ry l - e the r  l inkages (L). However, i n  
the absence of added ox id iz ing  agents ,  the r a t e s  of t hese  r eac t ions  a r e  slow even at  
400°C, and are gene ra l ly  not observable under the reducing condi t ions t h a t  a r e  main- 
ta ined during coa l  l i que fac t ion .  

no coupling cm liquefaction time mule 
40D°C, 

dl * 0 0  # &  + 0 0  

1) 

1 1  

4 
1 
1 
1 
3 

1- 1% 18 
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90% 

These slow reaction rates notwithstanding, it is commonly assumed that the principal 
reaction involved in the loss of the c.a. 50% oxygen (as water) that occurs during 
pyrolysis between 350 and 400'C is the coupling of phenols to form diary1 ethers (5). 
While searching for phenolic atructures reactive enough to account for the rapid 
incorporation of "HQ into coal structures, we observed that nonquinonoidal dihydroxy- 
aromatics couple rapidly not only with THQ but also with themselves, even under the 
reducing conditions provided by reaction in hydroaromatic solvents. At 4OO0C, in the 
absence of donor solvents, this coupling can be sufficiently rapid so that after one 
hour, no starting phenol can be detected (99.9% reaction), and all coupling products 
have high molecular weights. With neat resorcinol, for example, the starting 
material was >99% consumed, but no product could be seen, either by capillary gc or 
by field ionization (FI) mass spectrometry with a high temperature inlet. The 
results described b e l o w  indicate the nature of the products and provide information 
about the chemistry responsible for their production. 

EKel3lullEnTAL- 

Catechol, resorcinol, 1,3-dihydroxybenzene, m-cresol, tetralin, 9,lO-dihydrophenanth- 
rene, and 9.10-dihydroanthracene were obtained from Aldrich Chemical Company and used 
without further purification. The polyphenylene oxide was obtained from Poly- 
sciences, Inc. The Wyodak coal, which was stored under water from the time of samp- 
ling until use, was obtained from Electric Power Research Institute. Most model 
compound reactions were conducted in sealed. 4-mm-od. fused silica ampoules that were 
loaded, together with some solvent (to equalize pressure), into a 3/8-in-od, Swagelok 
capped stainless-steel jacket. This assembly was heated for the prescribed reaction 
time in a molten salt bath whose temperature was controlled to within M.3'C and then 
quenched in a water bath. The hybrid experiments containing both coal and model 
compounds, and model compound experiments for which identical conditions were 
desired, were performed directly in 3/8-inch and l/l-inch stainless-steel micro- 
reactors without a fused silica liner. Product mixtures were analyzed by GC, GC/MS, 
and by field ionization mass spectrometry (FIMS). 

Self-coupling of A r ( O H ) 2  

The conditions, which result in the complete loss of resorcinol to high molecular 
weight products referred to in the introduction, are shown in Table 1. Lack of vola- 
tility under the high vacuum/450'C conditions of the P I S  inlet system generally 
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means a molecular weight we l l  i n  excess of 600. I n  the  case of r e so rc ino l ,  with a 
molecular weight of 110, t h i s  would mean tha t  t he re  is no s i g n i f i c a n t  amount of 
polymer below hexamer. As seen i n  Table 1, d i l u t i o n  of the  r e so rc ino l  with a hydro- 
gen donor so lvent  changing the reac tor  from s t a i n l e s s  steel to  fused s i l i c a ,  and 
ca r ry ing  o u t  the  r e a c t i o n  i n  the absence of atmospheric oxygen, a l l  se rve  t o  decrease 
the  r e so rc ino l  loss through coupling. 

Table 1 

LOSS OF RESORCINOL TO HIGH MOLECULAR WEIGHT PRODUCTS 
UNDER LIQUEFACTION CONDITIONS 

4OO0C, 1 hr > 

> 0 0 no products 
v i s i b l e  by GC 

or PIMS 

> 44 0.3 no o the r  products 
v i s i b l e  by GC 

sst tube, air 100% 

quar t z ,  evac. 100% 

80 5 0.1 no o the r  products 
v i s i b l e  by GC 

90% t e t r a l i n  > 
sst tube, N2 10% 

90 5 0.1 no o the r  products 
v i s i b l e  by GC 

502 T e t r a l i n  > 
quar t z  tube ,  evac. 

50% 

However, even when 90% of the  r e so rc ino l  was recovered unreacted, no low molecular 
weight coupling products could be seen. Evident ly ,  the  r eac t ion  of i n i t i a l  coupling 
products wi th  more r e so rc ino l  t o  form higher molecular weight ma te r i a l s  is consid- 
e rab ly  more rapid than  t h e  r eac t ion  of r e so rc ino l  wi th  itself t o  form more dimer. 
Ultimately,  we were success fu l  in seeing and iden t i fy ing  low molecular weight pro- 
duc ts  of r e so rc ino l  by ca r ry ing  out the  r eac t ion  i n  the  presence of reagents t h a t  
could terminate the ends of the growing oligomer. However, the types of reac t ions  
respons ib le  f o r  t he  coupling were f i r s t  and most c l e a r l y  i d e n t i f i e d  using a s u b s t r a t e  
where the r a t i o  of dimer formation r a t e  constant t o  dimer consumption r a t e  cons tan ts  
was considerbly h igher .  This involved use of 1,3-dihydroxynaphthalene (DHN) as the  
model compound. (With DHN, t he  formation of dimers and h igher  oligomers a l l  involve 
a t t a c k  on a po lycycl ic  a romat ic  system, whereas with s ing le  r ing  Ar(OH)2, t he  forma- 
t i o n  of t r imer ,  t e t ramer ,  e t c . ,  involves a t t a c k  on polycycl ic  systems and is  evi- 
den t ly  m r e  rapid than t h e  i n i t i a l  s t ep ,  dimer formation, which involves a t t a c k  on 
the  less reac t ive  monocyclic system of r e so rc ino l  i t s e l f . )  

Examination of the DHN product mixtures,  which w i l l  be discussed below, revea ls  t h a t  
t he  coupling involves  formation of a dibenzofuran l inkage  between two re so rc ino l  
molecules. This coupling is shown f o r  r e so rc ino l  a s  r eac t ions  5a-e. The r eac t ion  is 
shown beginning with a t t a c k  of t he  carbon-centered resonance form of a phenoq  radi-  
c a l ,  a r eac t ion  we cons ider  l i k e l y .  However, the a c t u a l  mechanism is s t i l l  a matter 
of specula t ion ,  and r eac t ions  5a-e a re  intended pr imar i ly  t o  show the  stoichiometry 
of the  coupling. The of loss of OH in a unimolecular process can occur slowly a t  
400% (L), but may neve r the l e s s  be less l i k e l y  than an acid-catalyzed water elimina- 
t i o n  process. 
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The stoichiometry of A r ( 0 H )  se l f -coupl ing  shown above was obtained pr imar i ly  from 
t h e  product-mixture molecular ion p r o f i l e s  provided by f i e l d  i o n i z a t i o n  mass 
spectrometry.  Figure 1 shows the PI mass spectrum of the  products obtained from the  
reac t ion  of the b i cyc l i c  ana log  of resorc inol ,  1,3-dihydroxynaphthalene (DHN) , in the 
presence of meta-cresol. 

on 

OH OH 

on 

Inspec t ion  of Figure 1 revea l s  groups of peaks t h a t  appear t o  form homologous series 
cons i s t ing  of "dimers," "trimers," " te t ramers ,"  etc., and t h i s  is confirmed by the  
f a c t  t h a t  t he  common increment in t hese  series is 140 amu. 140 mass u n i t s  corres- 
ponds t o  160-18-2, or t o  DHN monomer minus the  elements of water,  minus the  elements 
of H2. Thus, each monomer u n i t  is added t o  the  growing oligomer by formation of one 
l inkage  with loss of water, and formation of t he  o the r  wi th  l o s s  of 2 ( H ) .  Some pro-  
duc ts  a r e  exceptions t o  t h i s  coupling pa t t e rn ,  but the  above s to ich iometry  and the  
geometrical  coupling requirements of the 1.3-DHN system c l e a r l y  i n d i c a t e  t h a t  the  
p r inc ipa l  coupling is pr imar i ly  through formation of dinaphtho-(or dibenzo-)-furan 
l inkages.  These dibenzofuran-type couplings form very r e f r a c t o r y  ma te r i a l s ,  a s  w i l l  
be discussed l a t e r .  

The FI  mass spectrum in Figure 1 shows groups of "dimers," "trimers," e tc . ,  r a the r  
than a s i n g l e  molecular weight f o r  each oligomer. This is because of v a r i a t i o n s  i n  
the  lo s s  of add i t iona l  hydroxy groups and in "capping" of the  oligomers by coupling 
with c re so l .  These var ious  kinds of coupling r eac t ions  are s u f f i c i e n t l y  rapid tha t  
unreacted s t a r t i n g  material (m/z 160) accounts f o r  less than 0.5% of the  t o t a l  ion 
i n t e n s i t y  in Figure 1. Simi la r ly ,  t he  peak a t  m/z 302 (which subsequent spec t r a  w i l l  
demonstrate t o  be the  i n i t i a l  coupling product) accounts in Figure  1 f o r  only 0.1% of 
the  t o t a l  ion i n t e n s i t y .  S l i g h t l y  more prominent, a t  0.7% , is m/z 300, represent ing  
the  dihydroxy-dinaphthofuran formed by e l imina t ion  of 2 ( H )  from m/z 302. S t i l l  w r e  
prominent a r e  m/z 284 and 268, the dehydroxylation products of m/z 300. Although, 
s t r i c t l y  speaking, t he  FINS spec t r a  only i n d i c a t e  the  molecular weight of t he  var ious  
products,  in a case l i k e  t h i s  where the  s t a r t i n g  ma te r i a l s  a r e  known and the  chemis- 
t r y  invoked is reasonable,  the  molecular formulae of t he  products and the  gross 
s t r u c t u r e  (e.g., phenol vs  ketone) can o f t en  be assigned wi th  reasonable confidence. 
An example where ambiguity is poss ib le  is m/z 408 i n  Figure 1. Here, two poss ib i l i -  
ties a r e  shown, one a DHN trimer, and one a dimer capped by c r e s o l .  In f a c t ,  t h i s  
p a r t i c u l a r  ambiguity is l a r g e l y  resolved in favor  of t he  cresol-capped dimer (and 
analogous peaks), s ince  the  i n t e n s i t i e s  of the peaks in ques t ion  are g r e a t l y  reduced 
in the  absence of c re so l .  Assignment of the  p o s i t i o n a l  isomers is s i g n i f i c a n t l y  l e s s  
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c e r t a i n ;  those shown on Figure  1 a re  merely those t h a t  we cons ider  l i k e l y  from steric 
and e l ec t ron ic  cons idera t ions .  

Inh ib i t i on  of DHN Coupling 

From t h e  cons idera t ions  d iscussed  above, i t  appears t h a t  t he  c r e s o l  se rves  t o  i n h i b i t  
continued polymerization of DHN by "capping" r eac t ive  por t ions  of the growing oligc- 
mer8 w i t h  a less r e a c t i v e  c re so l  fragment. (This  could account f o r  the  bene f i c i a l  
e f f e c t s  of phenolic so lven t  cons t i t uen t s  claimed under some coa l  l i que fac t ion  condi- 
t ions . )  However, Figure 2 shows tha t  some so lvent  cons t i t uen t s  i n h i b i t  DHN coupling 
without becoming incorpora ted  in the coupling products.  Figure 2a is the  FI mass 
spectrum of a product ob ta ined  under condi t ions  similar t o  those of Figure 1, except 
t h a t  t he  1:l DHN:cresol mix ture  has  been d i lu t ed  wi th  50% t e t r a l i n .  
Products obtained a t  similar concent ra t ions  and much s h o r t e r  r eac t ion  times a r e  shovn 
in Figure 2b. 

I n  Figure 2a, the  coupling r eac t ions  a r e  q u i t e  c l e a r l y  inh ib i t ed  by the  solvent 
change: unrescted s t a r t i n g  ma te r i a l  is increased t o  - 5% of the t o t a l  ion i n t e n s i t y  
(vs  ,., 0.3% in Figure 1). Also, the  propor t ion  of trimers and te t ramers  is decreased 
r e l a t i v e  t o  dimers. The i n t e n s i t y  of m/z 302, the  proposed i n i t i a l  coupling product, 
is increased from 0.1 t o  1 4 % ,  and the  r e l a t i v e  prominence of masses t h a t  most prob- 
ably r e f l e c t  capping by c r e s o l  (e.g., 408, 548) is markedly decreased. The decreased 
r eac t ion  time r e f l ec t ed  in the products in Figure 2b r e su l t ed  i n  a f u r t h e r  dec l ine  in 
the  y i e ld  of coupling products,  p s r t i c u l a r l y  products beyond the  l e v e l  of dimers. 
Spec i f i ca l ly ,  m/z 302 accounts f o r  30% of the  t o t a l  ion i n t e n s i t y  and f o r  v i r t u a l l y  
100% of the products ,  and thus is qu i t e  c l e a r l y  t h e  i n i t i a l  coupling product. 

The primary f a c t o r  in diminish ing  the  coupling seen in Figure 2a is ac tua l ly  the 
presence of the  donor, r a t h e r  than merely the d i l u t i o n  of the  coupling subs t r a t e ,  
because d i l u t i o n  of the  DHN-cresol mixture with naphthalene r a t h e r  than t e t r a l i n  
results i n  a l e s s  marked inc rease  in the  propor t ion  of remaining s t a r t i n g  mater ia l .  
Moreover, the add i t ion  of o ther  hydroaromatics known t o  be more e f f e c t i v e  donor sol- 
vents ( for  coa l  l i q u e f a c t i o n )  than t e t r a l i n ,  as shown in Table 2,  causes 

Table 2 

EFFECT OF DONOR SOLVENTS ON RECOVERY OF 
UNREACTED DHN AND ITS PRODUCTS 

I n i t i a l  Concentration. m% m% of I n i t i a l  DHN 

> 16% 1.8% 12.7% 

> 29% 3.6% 12.3% 

> -22% 26.3% 13.1% 

53% 7.4% 23.9% 

> -9% 16.9% 11.6% 

90% Naphthalene 10% 

10% 90% T e t r a l i n  

90% 9,lO-Dihydroanthracene 

90% 9.10-Dihydrophenanthrene) 

70% t e t r a l i n  
lox KM Fe-oxide 

I I 

? 

I 

! 

\ 
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a very marked inc rease  i n  the  amount of remaining s t a r t i n g  ma te r i a l  and a decrease i n  
the  t o t a l  amount of ma te r i a l  c l a s s i f i e d  as dimeric o r  higher molecular weight. 
Two i n t e r e s t i n g  observa t ions  are t h a t  9,10-dihydrophenanthrene i s  s u b s t a n t i a l l y  m r e  
e f f e c t i v e  a t  preventing coupling than is g,lO-dihydroanthracene, but t h a t  the la t ter  
i s  much more e f f e c t i v e  a t  promoting the deoxygenation of the  mnomer. The f i r s t  
observs t ion  i s  i n t e r e s t i n g  i n  t h a t  dihydrophenanthrene is  genera l ly  observed t o  be a 
more e f f ec t ive  l i que fac t ion  so lvent  than i s  dihydroanthracene (E,z), even though 
dihydroanthracene, as a b e t t e r  r a d i c a l  scavenger, b e t t e r  f u l f i l l s  t he  t r a d i t i o n a l  
r a d i c a l  "capping" requirement f o r  donor so lven t s  (12). Simi la r ly ,  t he  observa t ion  of 
dehydroxylation is another reminder t h a t  dur ing  c z l  l i que fac t ion  many things happen 
t h a t  could not be accomplished i f  donor so lven t s  were t o  func t ion  merely a s  r a d i c a l  
capping agents (L). 

Effec t  of THQ on DliN Self-Coupling 

Because c re so l s  appear t o  serve  as capping agents t h a t  l i m i t  the  s i z e  of the  growing 
polymers, i t  was of i n t e r e s t  t o  see  what e f f e c t  on the coupling process  would be 
exer ted  by hydroaromatic amine so lven t s ,  such a s  1,2,3,4-tetrahydroquinoline (THQ), 
t h a t  a r e  known to  be e f f e c t i v e  l i que fac t ion  agents and t o  couple with phenols (13). 
Addi t iona l  reasons f o r  t e s t i n g  THQ as a coupling i n h i b i t o r  a r e  t h a t  t he  Ar(OHIZ s e l f -  
coupling could be i n i t i a t e d  by an ac id  ca ta lyzed  e l e c t r o p h i l i c  r eac t ion ,  and i f  so, 
should be suppressed by base. (It is a l ready  known, but not understood, t ha t  THQ 
does not promote the formation of dibenzofuran during the base-catalyzed cleavage of 
p-hydroxydiphenyl e the r  (14) . )  Figure 3 shows an FI mass spectrum of products 
obtained under c o n d i t i o n s s i m i l a r  t o  those of Figure 1 (50% t e t r a l i n ,  25% DHN, 25% 
c r e s o l ) ,  except t ha t  t h e  c r e s o l  was replaced by THQ. 

The amount of unreacted s t a r t i n g  ma te r i a l  is  s imi l a r  t o  t h a t  shown i n  F igure  1. The 
homologous series i n  Figure 2, a l s o  appear,  a t  f i r s t  glance,  t o  have a s i m i l a r  c h a r  
a c t e r .  However, i n spec t ion  of the group -nominally represent ing  t r imers  (mlz 350 t o  
450) revea ls  tha t  the  wst prominent masses a r e  not t he  same as i n  F igure  1. More- 
over,  the most prominent new masses a r e  odd. I n  o the r  words, these  " t r imers"  conta in  
1 ni t rogen  atom, and thus a r e  not r e a l l y  trimers, but dimers capped by THQ. Simi- 
l a r l y ,  many of the "dimers" a r e  r e a l l y  the DHN-THQ nuc leophi l ic  condensation product 
(m/z 275) or secondary products derived from t h i s  material. Thus, THQ does indeed 
i n h i b i t  the formation of the  higher oligomers,  but it does so pr imar i ly  by "capping" 
these  products and becoming covalen t ly  bound i n t o  the  coa l  s t r u c t u r e s ,  r a t h e r  than  by 
i n h i b i t i n g  the DHN self-coupling p e r s e .  

Attempts t o  Reverse Ar(OH) ,  Coupling: 

Dibenzofuran-type s t r u c t u r e s  a r e  w e l l  known t o  represent  very r e f r a c t o r y  s inks  f o r  
coa l  oxygen. A na tu ra l  ques t ion ,  t he re fo re ,  is, "Is t he re  any simple, p r a c t i c a l  way, 
sho r t  of severe hydro t rea t ing  condi t ions ,  t o  reverse  the  coupling process?" Although 
dibenzofuran i t s e l f  is very s t a b l e  i n  donor so lven t s  a t  400°C, the  presence of 
hydroxy groups ortho- o r  para- t o  the  e the r  l inkage  provides a s t r u c t u r e  which might 
be more suscept ib le  t o  bond cleavage. The reason f o r  t h i s  increased  s u s c e p t i b i l i t y  
i s  t h a t  1-hydroxydibenzofuran, f o r  ins tance ,  is similar t o  para-hydroxydiphenylether. 
This l a t t e r  compound, although very s t rong ly  bonded and r e s i s t a n t  t o  thermolysis,  is  
very suscep t ib l e  t o  cleavage i n  bas i c  donor so lvent  systems (13,14,15).  For 
in s t ance ,  i n  a te t ra l in-10% p ipe r id ine  mixture at 400 C ,  para-hydroxydiphenyl e t h e r  
decomposes to  phenol with a h a l f - l i f e  of less than 5 minutes, as compared wi th  a 
h a l f - l i f e  of 100 hours i n  pure t e t r a l i n .  

However, tests wi th  1-hydroxydibenzofuran (as a monomeric model f o r  AI?(OH)~ s e l f -  
coupling products) show i t  t o  be very s t a b l e  i n  THQ-tetralin mixtures ( l e s s  than 0.1% 
reac t ion  i n  1 h r  a t  4OOOC). Evidently,  any opening of the  e the r  l inkage  t h a t  occurs  
is r ead i ly  reversed, s ince  the two fragments are he ld  i n  c lose  proximity by t h e  

The S t a b i l i t y  of Dibenzofuran Linkages 
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biphenyl  l inkage. Because of t he  s t a b i l i t y  of hydroxydibenzofuran, and i n  o rde r  t o  
t e s t  t he  presumption t h a t  t he  s t u d i e s  of base-promoted bond-cleavage rates of hydrox- 
ydiphenyl e t h e r  may apply t o  a polymeric system, w e  measured the rate of depolyneriz- 
a t i o n  of a commercial polyphenyl e t h e r ,  2,6-dimethyl polyphenylene oxide. This poly- 
mer c o n s i s t s  of diphenyl e t h e r  u n i t s  i n  which the  terminal  phenyl groups still  bear a 
hydroxy group. The polymer should the re fo re  be suscep t ib l e  to  an "unzipping" process 
i n  which t h e  diphenyl e t h e r  u n i t  bear ing t h e  hydroxy group i s  subject  t o  base cataly-  
zed cleavage. In  f a c t ,  t he  r a t e  of production of monomer was found t o  correspond 
very c lose ly  to t h a t  p red ic t ed  on t h e  basis of t he  measured r a t e  f o r  c e n t r a l  bond 
s c i s s i o n  i n  p-hydroxydiphenyl e t h e r  i t s e l f  (13,14,15). 

The s t a b i l i t y  of 1-hydroxydibenzofuran and the l a b i l i t y  of both monomeric and poly- 
meric hydroxybiphenyl e t h e r  systems al low us t o  make two  conclusions.  F i r s t ,  the  
opening of the r e l a t i v e l y  l a b i l e  hydroxydiphenyl e t h e r  l inkage i n  hydroxylated diben- 
zofurans does not provide an easy route  t o  des t ruc t ion  of the e n t i r e  dibenzofuran 
l inkage.  Second, i t  probably does not beacause the most favorable  r eac t ion  following 
opening of the e t h e r  l inkage i s  simply t h e  r ec los ing  of t h a t  l inkage. In add i t ion ,  
the s t a b i l i t y  of the DHN-coupling products i n  basic  donor-solvent systems provides 
a d d i t i o n a l  proof t h a t  t h e  coupling products are indeed joined by fu ran  l inkages 
( i . e . ,  one d i a ry1  e t h e r  l i n k  and one biphenyl l i n k ) .  The a l t e r n a t i v e  would be 
d iox in  l inkages (two d i a r y 1  e t h e r  l i nks ) .  I n  t h i s  case a l l  of t he  e t h e r  l i n k s  would 
have an ortho-or para-hydroxy (o r  would have one generated when a n  adjacent  e the r  
l i n k  i s  opened), and the re fo re  a l l  l inkages would be suscep t ib l e  t o  base-catalyzed 
cleavage. 

Presence i n  Wyodak Coal of s t r u c t u r e  of similar Reac t iv i ty  t o  DHN 

I f  1,3-  and o the r  non-quinonoidal dihydroxyaromatics a r e  s i g n i f i c a n t  i n  r e a l  coa l s ,  
t h e  above r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  these s t r u c t u r e s  a r e  probable sources of 
r ap id  r e t rog res s ive  r e a c t i o n s  during coa l  l i que fac t ion  (and possibly during oxidat ive 
weathering).  The s t r u c t u r e s  of var ious l i g n i n  components do suggest t ha t  di-(and 
even t r i -  )hydroxy aromatics  may be important i n  low-rank coal  s t r u c t u r e s .  This 
a n t i c i p a t i o n  is confirmed by the pyrolysis-FI-mass-spectrum of a Wyodak coa l ,  shown 
i n  Figure 4, i n  which t h e  most prominent peak i n  t h e  e n t i r e  spectrum i s  t h a t  a t  m/z 
110. Under non-fragmenting cond i t ions ,  t he  predominant con t r ibu to r  t o  m/z 110 w i l l  
be t h e  molecular i on ( s )  of dihydroxybenzene(s). A l m o s t  a s  prominent a r e  peaks a t  m/z 
124 and 138, corresponding t o  C1- and C -dihydroxybnezenes. S imi l a r ly ,  Meuzelaar and 
coworkers have p rev ious ly  reported prominent peaks i n  t h e  110, L24, 138 series in the  
pyrolysis-EI-mass s p e c t r a  of o the r  western coa l s  (3).  Given the abundance of dihy- 
droxybenzenes ind ica t ed  by these  mass s p e c t r a l  a n a l y s e s ,  the pe r t inen t  quest ion 
becomes whether t he  dihydroxybenenes and o the r  Ar(OHI2 a r e  1,2-, 1,3-, o r  1,4-, isom- 
ers, and how t h e i r  r e a c t i v i t y  compares t o  t h a t  of t h e  1,J-DHN discussed above. 
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An i nd ica t ion  of the  range of self-coupling r e a c t i v i t i e s  encompassed by mono- and bi- 
c y c l i c  ArOH and Ar(OH)2 is  given by the measured and es t imated  ha l f - l i ves  shown i n  
Figure 5- Half-l ives i n  hours a r e  shown f o r  four  phenolics under th ree  sets of reac- 
t i o n  conditions tha t  a r e  progress ive ly  less favorable  f o r  self-coupling. The f i r s t  
s e t  of four  bars shows the  coupling ha l f - l i ves  under the  condi t ions  descr ibed  i n  the 
l i t e r a t u r e  f o r  polyphenyl e t h e r  formation, where the  coupling even of simple phenols 
takes place i n  only a few minutes (6), and the  coupling of t he  three  polycycl ic  or  
polyphenolic ma te r i a l s  is presumed t o b e  unobservably rapid on the  time s c a l e  of Fig- 
ure  5 .  The second and t h i r d  s e t s  of bars correspsond t o  ha l f - l i ves  measured i n  t h i s  
work. The second s e t  of condi t ions  is reac t ion  of the nea t  phenols i n  t h e  absence of 
any added oxidant.  Under these  condi t ions ,  the h a l f - l i f e  f o r  coupling of phenol 
i t s e l f  exceeds 27 hours, and .those f o r  the  three  more r eac t ive  phenols become long 
enough t o  move onto the  time sca l e  of Figure 5. The t h i r d  set of condi t ions  i s  nom- 
i n a l l y  the most re levant  fo r  coa l  l i que fac t ion ,  i n  tha t  the phenols are d i lu t ed  i n  a 
hydroaromatic solvent (25% i n  t e t r a l i n ) .  Under these  condi t ions  only t h e  two dihy- 
d r o v  compounds undergo measureable self-coupling on coa l  l i que fac t ion  time sca le s .  
From these  data,  we would conclude t h a t  1,3-dihydroxynaphthalene s t r u c t u r e s  i n  coa l s ,  
i f  prominent, would c e r t a i n l y  be subjec t  t o  self-coupling r eac t ions .  For 1,3-dihy- 
droxybenzene, coupling would appear poss ib le ,  but not assured. 

The da ta  i n  Figure 5 g ive  no information on quinonoidal dihydroxyaromatics. L i t e ra -  
t u re  da ta  fo r  low-temperature coupling r eac t ions  of quinones would suggest t h a t  under 
oxid iz ing  condi t ions ,  they could be even more r eac t ive  than non-quinonoidal Ar(OH)2 
(16,17,18). However, s epa ra t e  experiments revea l  t h a t  1,4-dihydroxynaphthalene i n  
donor so lvents  undergoes deoxygenation s u f f i c i e n t l y  rap id ly  t o  l a rge ly  prevent s e l f -  
coupling. On the o ther  hand, 1,2-dihydroxybenzene ( ca t echo l ) ,  the  most probable 
coal-derived isomer, does not undergo rap id  deoxygenation and is  sub jec t  t o  s e l f -  
coupling a t  a s l i g h t l y  slower r a t e  than r e so rc ino l .  I n  order  t o  de r ive  some addi- 
t i o n a l  information bearing on the ques t ion  of the  type,  abundance, and r e a c t i v i t y  of 
the  "native" Ar(OH)2 s t r u c t u r e s  i n  low-rank coa l s ,  we ca r r i ed  out a s e r i e s  of 
"hybrid" experiments i n  which Wyodak coa l  was added t o  the 1,3-DHN-tetralin-THQ m i x -  
tu res .  These r e s u l t s ,  shown i n  Table 3 ,  revea l  the  following: (1)  formation of high 
molecular weight products from DHN is acce lera ted  by the  presence of t he  coa l ,  and 
(11) tha t  the DHN self-coupling i t s e l f  appears not t o  be acce le ra t ed  by the  presence 
of the coal.  

Table 3 

EFFECT OF COAL ON THE REACTION OF 1,3-DIHYDROXYNAPHTHALENE 
IN DONOR SOLVENTS AT 40OoC; 1 hr 

Uyodak RUU 
No. O W  Tetcalin THQ Coal 

IV-75 25 75 - - 
IV-81 25 75 - 
IV-41 5 75 20 - 
IV-70 5 75 20 80 .sa 

80 .sa 

- 

Products (mx) 

ElUQ + Q NUC. C o d .  
+ 0th.r d l r r .  

DEN 

- - 1.7 5.4 2.6 43 

0 3.8 0.8 - - 7 

0 5.7 1.2 5 62.4 17.9 

0 3.1 0.1 - < 0.1 62.9 0 
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These results sugges t  t h a t  Wyodak coa l  i t s e l f  conta ins  s t r u c t u r e s  t h a t  couple w r e  
r ead i ly  with DHN than DHN does e i t h e r  with i t s e l f  or with THQ. S i m i l a r  r e s u l t s  were 
obtained when hybr id  experiments were performed wi th  1.3- and 1.2-dihydroxybenzene. 
Thus, Wyodak coa l  con ta ins  a t ruc tu res  tha t  couple more r ead i ly  with any of these 
th ree  dihydroxyaromatics than they do with themselves. Given the  prominence, discus- 
sed above, of dihydroxybenzenes in low-rank coa ls  and c e r t a i n  low-sever i ty  products 
of such coals,  i t  appears  t h a t  dihydroxyaromatics. as a genera l  c l a s s ,  emerge as very 
good candidates f o r  t h e  s t r u c t u r e s  t h a t  undergo the  r e t rog res s ive  reac t ions  tha t  
o f t en  rap id ly  degrade t h e  c o n v e r t i b i l i t y  of low-rank coa l s .  Therefore,  an  improved 
understanding of the  mechanism(s) of these  couplings may a i d  in f ind ing  means of l i m -  
i t i n g  the  l o s s e s  in c o n v e r t i b i l i t y .  

I 

P o t e n t i a l  E f f e c t s  of Water on Ar(OH), Coupling 

It may be s i g n i f i c a n t  t h a t  water is a product of t he  formation of benzofuran l inkages  
and t h a t  t h e  dry ing  of low-rank coa ls  before l i que fac t ion  o f t en  reduces the  subse- 
quent conversion y i e l d s  ( 5 ) .  I n  r e a l  coa ls  we would expect the  Ar(0H) s t ruc tu res  
(or  t h e i r  p recursors )  t o  p a r t i a l l y  immobilized in t he  coa l  matrix,  wtich, in its 
water-swelled cond i t ion ,  would have neighboring Ar(0H)2 s t r u c t u r e s  l a rge ly  i so l a t ed  
from each o the r  by a "ge l"  of hydrogen-bonded water molecules. Under these  condi- 
t ions .  removal of t hese  water molecules would then be very c r i t i c a l ,  because it would 
provide for s t e r i c a l l y  favored coupling r eac t ions  wi th  very high bimolecular "A" 
f ac to r s .  

Poss ib l e  Mechanisms of Ar(OH), Coupling 

Although t h e  r e s u l t s  descr ibed  above c l e a r l y  i n d i c a t e  t h a t  Ar(OH)2 couple f i r s t  by 
e l imina t ing  water (presumably t o  form a biphenyl l inkage)  and second by e l imina t ing  
the  elements of H2 ( t o  form an  e the r  l inkage) ,  t he  d e t a i l e d  mechanisms of these  two 
s t e p s  a re  not c e r t a i n .  The formation of the  l inkage  with l o s s  of 2(H) is, by defini-  
t i on ,  an  ox ida t ive  coupling. (Thus, when DHN couples in a donor so lven t ,  we have an 
oxida t ion  in t h e  absence of any obvious oxid iz ing  agent.)  This coupling is presum- 
ab ly  the  s t e p  t h a t  b e n e f i t s  wst from the  presence of metal  oxide sur faces  and 0 . 
By analogy wi th  polyphenyl e the r  formation mechanisms (191, we presume one of tie 
func t ions  of t h e  t r a n s i t i o n  metal  oxide i s  t o  oxid ize  r a d i c a l  in te rmedia tes  t o  ca- 
t i ons  so t h a t  hydrogens can be l o s t  as protons,  r a the r  than a s  hydrogen atoms. How- 
ever ,  there  a r e  a number of cons idera t ions  t h a t  make d i r e c t  analogy with reported 
phenolic coupling processes  d i f f i c u l t .  One is the  f a c t  t h a t  low temperature poly- 
phenyl e the r  p repa ra t ion  tends t o  favor i n i t i a l  formation of carbon-oxygen bonds, 
which, being inhe ren t ly  weaker than C-C bonds (ZO), might not surv ive  long enough t o  
be s t a b i l i z e d  a t  400°C. Indeed, the  work of Pouxma with naphthols has shown t h a t  a t  
40O0C, t h e  i n i t i a l  product coupling is an oxida t ive  carbon-carbon coupling ( 7 ) ,  not a 
condensation process  t h a t  e l imina tes  water,  such as we see with the  dihydroxyaromat- 
i c s .  

In the  case of the  dihydroxyaromatfcs, a number of low-temperature, acid-catalyzed 
benzofuran-forming r eac t ions  involving 1,4-hydroquinone and r e so rc ino l  a r e  described 
by Wgberg and coworkers (16,17,18). Bowever, t hese  reac t ions  r equ i r e  one of the 
A ~ ( 0 8 ) ~  spec ie s  t o  be i n  t h e o a T e d  (quinone) form, and the re fo re  w i l l  no t  work f o r  
purely non-quinonoidal Ar(OH)2 systems. Furthermore, ne i the r  t h e  formation of an 
i n i t i a l  coupling product with water l o s s ,  nor the  absence of i n h i b i t i o n  by base. as 
seen in t he  present  work, are cons i s t en t  with t h e  r eac t ions  seen by Hugberg. 
Clear ly ,  in r e a c t i o n  a t  4OO0C, there  a r e  a number of mechanistic modes possible.  
Fur ther  exper imenta t ion  is necessary t o  d e l i n i a t e ,  i f  poss ib le ,  t he  mechanism, but i n  
any case, t o  de f ine  t h e  condi t ions  under which t h i s  c l a s s  of coupling reac t ions  can 
be minimized du r ing  coal conversion. 

I 
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CONCLUSIONS 

Products: 
The coupling products a r e  generated pr imar i ly  through formation of dibenzofuran- 
type l inkages,  which r e s u l t  from i n i t i a l  formation of a biphenyl l inkage  with 
e l imina t ion  of water,  followed by formation of t he  e the r  l inkage  and e l imina t ion  
of the  elements of Z(H). 

The s i z e  of the  coupling products is l imi ted  by reagents ,  which cap the  growing 
oligomer (such a s  c re so l s  and THQ), and by donor so lven t s ,  which i n h i b i t  the 
coupling process without being consumed i n  capping the  polymer. 

Bates: 
The self-coupling r eac t ions  of 1.3-dihydroxynaphthalene a r e  so rap id  t h a t ,  a t  
coal l i que fac t ion  temperatures and on coal  l i que fac t ion  t i m e  s c a l e s ,  20 mol% DHN 
i n  any donor so lvent  undergoes a s u b s t a n t i a l  amount of coupling. 

Resorcinol is s i g n i f i c a n t l y  l e s s  reac t ive .  and presence of a donor-solvent, and 
the absence of O2 and s t a i n l e s s - s t e e l  sur faces  e a s i l y  enables  recovery of 90% of 
the  i n i t i a l  r e so rc ino l  unreacted. 

Wyodak coa l  appears t o  conta in  s t r u c t u r e s  tha t  r eac t  mare rap id ly  than e i t h e r  
resorc inol ,  ca techol ,  o r  DHN do with themselves, i nd ica t ing  t h a t  s t r u c t u r e s  of 
very high r e a c t i v i t y  are ava i l ab le  f o r  re t rograde  reac t ions .  These r eac t ive  
na t ive  s t r u c t u r e s  a r e  suggested to  be polyhydroxyaromatics, but i n  any case,  
t h e i r  demonstrated r e a c t i v i t y  with added LXR(OH)~,  unequivocally shows t h a t  
na t ive  AK(OH)~ (which a r e  shown t o  present by MS analyses)  a r e  subjec t  t o  rapid 
retrograde reac t ions  even under the  reducing condi t ions  present  during coa l  
l iquefac t ion .  

The order  of decreas ing  e f f ec t iveness  of so lven t s  i n  prevent ing  DHN coupling is 
9,lO-dihydrophenanthrene. 9,10-dihydro-anthracene, t e r a l i n ,  u rc re so l ,  
naphthalene. 

Admovledgement: This  work i s  supported by E l e c t r i c  Power Research I n s t i t u t e  under 
Contract RP2147-5. 

Beferences 

1. D. D. Whitehurst, M. Farcas iu ,  T. 0. Mi tche l l ,  and J. J. Dicker t .  JK., "The 
Nature and Or ig in  of Asphaltenes i n  Processed Coals," EPRI Report AF 480. 
Second Annual Report under P ro jec t  RP 410, Ju ly  1917. 

2.  D. F. McMillen, unpublished work. 

3. H.L.C. Meuzelaar, A. M. Harper, G. R. H i l l ,  and P. H. Given, 
Fuel, 63, 640 (1984). 

4. R .  Malhotra, unpublished work. 

4 2 3  



5. W. S. Frazee and H. E.  S i l v e r ,  "Effect  of Drying on the  Liquefact ion of Sub- 
Bituminous Coal," presented a t  the Tenth Annual EPRI Contractors '  Conference on 
Clean Liquid and Sol id  Fuels ,  Palo Alto,  CA, 23-25 Apr i l  1985. 

6. A. S. Hay, H. S. Blanchard, G. F. Endres, and J. W. Eustace, 
J. Aa. Chem. Soc., 1. 6335 (1959). 

M. L. Poutsma and C. W. Dyer, J. Org. ma., 67, 3367 (1982). 7. 

8. J. B. Howard, "Fundamentals of Coal Pyrolysis  and Hydropyrolysis." in 
Chemistry of Coal U t i l i z a t i o n ,  Second Supplementary Volume, M. A. E l l i o t ,  ed., 
New York: John Wiley 6 Sons, 1982, pp.665-784. 

9. (a) D. F. McMillen, W. C. Ogier, S. J. Chang, R. H. Fleming, and 
R. Malhotra, Proceedings of the 1983 International Conference 011 Coal 
Science, Pi t t sburgh ,  Pennsylvania, 15-19 August 1983, p. 199. 

(b) D. F. McMillen, W. C. Ogier, R. H. Fleming, and R. Malhotra, "Mechanisms 
of Hydrogen Transfer  and Sciss ion of Strongly Bonded Coal S t ruc tures  in 
Donor-Solvent Systems," t o  be submitted t o  Fuel. 

10. M. Orchin, C. Columbic, J. E. Anderson, and H. H. Storch,  U.S. b e a u  of Hues 
Bull. No. 505 (1951). 

11. G. 0. Davies, F. J. Derbyshire, and R. J. P r i c e ,  J. Inst. Fuel ,  2, 121 (1977). 

12. B. Bockrath, E. B i t t n e r ,  and J. McGrew, J. Am. Chen. Soc., 106, 135 (1984). 

13. D. F. McMillen, e t  al., "The Effec ts  of Amine Solvents on the  Breaking and 
Making of Strong Bonds in Coal Liquefact ion,"  Proceedings of the Eighth Annual 
KPBI Contractors'  Conference on Coal Liquefact ion,  Electric Pover Research 
I n s t i t u t e ,  Palo Alto,  Cal i forn ia ,  February 1984, p. 12-1. 

14. D. F. McMillen, e t  a l . ,  'Mechanisms of Amine-Solvent Promoted Coal Liquefac- 
t ion:  Studies  With Model Compounds and Coals," t o  be submitted t o  -1. 

D. F. McMillen, W. C. Ogier, and D. S. ROSS, J. Org. Cha.,  s, 3322 (1981). 

H. Erdtman and H-E. Hogberg, Tetrahedron, 2, 535 (1979). 

15- 

16. 

1 7 -  H-E- Hogberg and P. K O ~ O S ,  Acta. Chen. Scad., Ser. B B33, 271 (1979). 

18. H-E. Hogberg, JCS Perkin  I, 2517 (1979). 

19. 

2 0 .  (a) S- W. Benson, Thermochemical Kine t ics ,  2nd ed., New York: John Wiley and 

A. S. Hay. Mv. P o l m r  Sci., i, 496 (1967). 

Sons, Inc., 1976. 
D. McMillen and D. M. Golden, "Hydrocarbon Bond Dissoc ia t ion  Energies," (b) 
Ann. Bev. Phys. men., 2, 497 (1982). 

424 



2.8 10. 

I P 
100 

~~ 

' ' I o  - ' I o  4 Conditions: 400'C. 1 hour. 
50% DHN. 

.a4 50% m-Cresol 
4m 

200 300 400 500 
Masr imlzl 

600 700 800 

, 

Figure 1 ,  FI-mars spectrum of 1.3-dihvdrr)xynaphthalene coupling products. NO donor solvent 

rl 

3 

I 1 

Conditions: 400°C. 1 hour. 
25% DHN. 
25% m-Creml. 
50% Tetralin 

la) Reaction for 1 hour 
tn 50% tetralin 

Conditions: 400°C. 5 minute. 
25% DHN. 
75% Tetralin 

lbl Reaction for 5 minutes 
in 75% tetralin 

'4, 

. . . , .  . . . . . . , . "  " " ","" " " ' " ' " . ' . . .  
200 3W 400 500 600 700 I 

Mass Irnlzl 
,14115.2, 

Figure 2. F I  mas s m t n  illustrating the effect of donor solvent 
and decreased reaction time on DHN coypling. 

425 



2.1 
- 

Conditiom: 4UFC. 1 hour, 25% DHN 
25% THO. 5W trrslin 

100 m mo 400 500 800 700 a 
Msn Imld  

0 

Figun 3. F I - m - m  of 1 . 3 - d i h v ~ x ~ M ~ 1 I m l ~  coupling Products 
shoving inhibition of DUN YlfsouPlinQ by pefaenlbl d m i m  with T W .  

s 

100 200 300 400 500 600 700 800 
MASS I W Z l  

FIGURE 4 PYROLYSIS FI MASS SPECTRUU OF WYODAX COAL 

FIGURE 5 OBSERVED HALF-LIVES FOR A ~ O H  
SELF-COUPLING 

426 



I 
PROBING COAL STRUCTURE WITH INVERSE GAS AND LIQUID CHROMATOGRAPHY.* 

J. P. Goodman, P. H. Ne i l l ,  and R. L. McBeth, 

Chemistry Divis ion,  Argonne Nat ional  Laboratory,  
9700 South Cass Avenue, Argonne, Illinois 60439 

Introduct ion 

The ob jec t ive  of t h i s  s tudy is t o  examine v a r i a t i o n s  in coa l  s t r u c t u r e  using 
two inverse chromatography approaches. Inve r se  gas chromatography, a technique 
widely used for  s tudying polymers, is being used to study phase t r a n s i t i o n s  in 
coa l s  upon heating. In con t ra s t  t o  c l a s s i c a l  GC, i nve r se  chromatography probes 
t h e  s t a t i o n a r y  phase,  a coa l ,  by determining t h e  r e t e n t i o n  t ime of known com- 
pounds. Thls t r anspos i t i on  of known and unknown in the  GC experiment gives  r i s e  
to the  term " inve r se  chromatography". Inve r se  l i q u t d  chromatography, a new 
technique, is being used t o  examine coal  su r f aces .  This approach is analogous t o  
the  GC method except t h a t  so lven t s  a re  used. The coa l  samples w i l l  be chosen to 
examine v a r i a t i o n s  with rank and to i n v e s t i g a t e  s t r u c t u r a l  changes in ground 
coa l s ,  both in a i r  and in the  absence of a i r ,  as a func t ion  of time. These 
approaches show promise f o r  providing chemical information on s u b t l e  v a r i a t i o n s  in 
coa l  s t ruc tu re .  The i n i t i a l  experiments are descr ibed in t h i s  paper. 

Inverse GC (1-3) has been appl ied to polymers t o  measure the  g l a s s  t r a n s i t i o n  
temperature (4), t he  degree of c r y s t a l l i n i t y  (S), melt ing point  (6) .  thermo- 
dynamics of so lu t ion  (4,7) ,  and chemical composition (8,9). The f i r s t  use of t he  
term "inverse chromatography" is a t t r i b u t e d  t o  Davis and Peterson (8), who appl ied 
the  technique t o  the determination of the degree of ox ida t ion  of a spha l t .  In 
l a t e r  work, the experiments were extended t o  include measurement of thermodynamic 
p rope r t i e s  of the a spha l t .  

Some o the r  methods used t o  s tudy the  physical  s t r u c t u r e  of coal. and coal 
su r f aces  include measurements of hea t s  of adsorpt ion of organics  on coa l  su r f aces  
by GC, to probe the  nature  of solute-coal  su r f ace  i n t e r a c t i o n s  (10); swel l ing 
ind ices ,  f o r  the q u a l i t a t i v e  determinat ion of the ex ten t  of cross- l inking (11);  
i n i t i a l  swel l ing rates, to i n v e s t i g a t e  the  s t e r i c  requirements of swel l ing (12); 
and microscopic observat ion of solvent  d i f f u s i o n  through coa l  thin-sect ions (13). 

* Work performed under the auspices  of t h e  Of f i ce  of Basic Energy Sciences,  
Division of Chemical Sciences,  U. S. Department of Energy, under con t r ac t  number 
W-31-109-ENG-38. 
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Experimental 

Inverse gas chromatography: The coa l  used in t he  inverse  GC experiments was  
an I l l i n o i s  No. 2 hvC bituminous coa l  ( ana lys i s ,  dmmf bas is :  C 73.44, H 5.3%, 
N 1.1%, S 1.6%, 18.1% (by d i f f . ) ) ,  ground t o  -100 mesh and soxhle t  ex t r ac t ed  wi th  

I 
J 
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Retention da ta  from the inverse  GC experiment a re  shown i n  Figure 1. There 
a r e  th ree  r e t en t ion  mechanism l i k e l y  t o  a f f e c t  t he  inve r se  GC experiment. These 
mechanisms are molecular s iev ing ,  su r f ace  adsorp t ion ,  and so lu t ion  of t h e  probe in 
the  s t a t iona ry  phase. The observed r e t e n t i o n  behavior w i l l  be due to  t h e  combin- 
a t i o n  of e f f e c t s  opera t ing  under the  given conditions.  The s p e c i f i c  r e t en t ion  
volume, Vg, is  given by the  sum of the  r e t e n t i o n  terms: i 

V = K V + KOAL + KsWL 
g d L  

I 
where Kd, KO, and K, a r e  the  p a r t i t i o n  c o e f f i c i e n t s  f o r  gas-pore, gas-so l id ,  and 
gas- l iqu id  p a r t i t i o n ,  respec t ive ly ;  VL is the access ib l e  pore volume; AL is the  
access ib l e  sur face  area; and WL is the  access ib l e  mass of the  s t a t i o n a r y  phase. 
It is l a rge ly  the  phase and physical s t a t e  of the  s t a t i o n a r y  phase which de ter -  
mines the  r e t en t ion  mechanism. The r e t e n t i o n  voluue may be r e l a t e d ,  through the  

log  tret VS. 1/T gives a slope propor t iona l  t o  AH,. Changes in the  thermodynamics 
of r e t en t ion  r e s u l t  In d i s c o n t t n u i t t e s  or changes i n  the slope of the  p l o t .  

! 

I 
1 p a r t i t i o n  c o e f f i c i e n t ,  t o  t he  f r e e  energy or  enthalpy of adsorp t ion ,  and a p lo t  of 

I 
i 

Three such changes i n  s lope  a r e  shown enlarged i n  Figure 1. One, occur r ing  
a t  about llO°C, can be a t t c tbu ted  t o  dehydration of t he  coal. .9n i nc rease  i n  
r e t e n t i o n  is observed, which may be due t o  an inc rease  i n  e i t h e r  t he  amount of 
access ib l e  su r face  (tiL) or the volume of access ib l e  pores (VL). A t  temperatures 
below the  g l a s s  t r a n s i t i o n  temperature,  gas-liquid p a r t i t i o n i n g  w i l l  not p lay  a 
major par t  i n  the  r e t en t ion  of the probe molecule. The reproducible t r a n s i t i o n  
seen a t  14OoC may be due t o  the  lo s s  of t i g h t l y  bound water and loss of o t h e r  
v o l a t i l e  species.  

Other changes in  t h e  s t a t e  of the coa l  a r e  observed a t  E 350'C and 4OOOC. 
S imi la r  t r a n s i t i o n s  have been observed by o the r  workers, with a v a r i e t y  of 
methods. For example, d i f f e r e n t i a l  scanning ca lor imet ry  s tud ie s  by Mahajan ~t. 
(14) showed two endotherms i n  the 300-400°C range, which appear a t  i nc reas ing  
temperature with increas ing  coa l  rank ( i n  t h e  range hvA - hvC). P a t r i c k ,  
Reynolds, and Shaw (15) observed a t r a n s i t i o n  t o  t o t a l  an i so t rop ic  conten t  a t  370- 
42OoC i n  o p t i c a l  an iso t ropy  experiments on v i t r a i n s  with C < 89%. I n  add i t ion ,  
s eve ra l  workers (16) have reported t h a t ,  a f t e r  hea t  treatment,  both t h e  amount of 
pyridine-soluble ma te r i a l  and the  average molecular weight of the  ma te r i a l  reach a 
maximum i n  the  300-35OoC range. 

It is  a l s o  i n t e r e s t i n g  to note the  l a rge  change i n  s lope  of the log tret - 
1/T p lo t  a t  temperatures above 300°C. This is  i n d i c a t i v e  of major changes in coa l  
s t r u c t u r e  above t h i s  temperature. 

Data from the  inverse  LC experiments a r e  shown i n  Figure 2. A s  i n  the in- 
verse  GC experiment, r e t en t ion  behaviot may be expressed by the  sum of s e v e r a l  
r e t e n t t o n  terms, inc luding  those f o r  l i qu id - l iqu id ,  l i qu id - so l id ,  and s i z e  
exc lus ion  chromatography. In l i q u i d  chromatography, t he  capac i ty  f a c t o r ,  k ' ,  i s  
given by 

Y 
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2 )  

where K is t h e  equ i l ib r ium constant of t he  r e t e n t i o n  mechanism, Vs is t he  e f fec-  
t i v e  surface a rea ,  volume, OK pore volume of the  s t a t i o n a r y  phase, and VM is t he  
mobile phase hold-up, or t h e  void volume of the system. The capac i ty  f a c t o r  may 
be determined from t h e  r e t en t ion  time of the  s o l u t e  (t ,)  and the r e t en t ion  t i m e  of 
an unre ta ined  s o l u t e  (t,) o r  solvent f ron t .  The capac i ty  f a c t o r  may be r e l a t e d ,  
through the equ i l ib r ium cons tan t  of the  r e t e n t i o n  mechanism, to  the thermodynamics 
of r e t en t ion  (17). A semi-log p lo t  of k '  VS. 1/T gives  a s lope  propor t iona l  t o  
t h e  enthalpy of t r a n s f e r  between the s t a t i o n a r y  and mobile phases. Non- 
l i n e a r i t i e s  would be symptomatic of changes in t he  na ture  of coal-solute-solvent 
i n t e rac t ions .  A van ' t  Hoff p lo t  fo r  the r e t e n t i o n  of phenanthrene is shown in t h e  
lower part  of Figure 2. Rela t ive ly  good l i n e a r i t y  is observed over the  range 25- 
80Y. 

A semi-log p l o t  of k '  VS. carbon number f o r  t h e  series of aromatic so lu t e s  
benzene, naphthalene,  phenanthrene, and t r iphenylene  is shown in t he  upper pa r t  of 
F igu re  2. This type of p l o t  is use fu l  f o r  the  comparison of the  r e t e n t i o n  powers 
of d i f f e r e n t  s t a t i o n a r y  phases. Data f o r  the medium v o l a t i l e  bituminous coa l  
i n d i c a t e  t h a t  t h i s  ma te r i a l  is s i m i l a r  t o  some reversed-phase HPLC packing 
mater ia l s .  p a r t i c u l a r l y  the  porous carbon packings (18-20). One might expect p i -  
p i  i n t e r a c t i o n s  between t h e  coa l  su r f ace  and aromat ic  s o l u t e s  t o  predominate in 
determining r e t e n t i o n ,  so t h a t  the  capac i ty  f a c t o r  i nc reases  wi th  inc reas ing  
s o l u t e  sur face  area.  

The i n i t i a l  r e s u l t s  presented here  demonstrate t ha t  these  methods will pro- 
vide reproducible r e s u l t s  which can be i n t e rp re t ed .  Coals from the  Argonne 
Premium Coal Sample Program will be inves t iga t ed  using both approaches. We plan 
to examine poss ib l e  changes of the phys ica l  s t r u c t u r e  of coa ls  upon s torage  both 
i n  t h e  oxygen and absence of oxygen. 
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Figure 1. Inverse GC of I l l i n o i s  No. 2 hvC bituminous coal. Top inser t :  145OC 
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Coal Swe l l i ng  and Neu t ra l i za t i on :  
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React ions wi th in a Three-Dimensional Organic M a t r i x  

The phys i ca l  t ranspor t  o f  chemical reagents i n t o  c ross - l i nked  s o l i d s  such 
as func t i ona l i zed  polymers. i o n  exchange res ins .  o r  coal i s  genera l l y  a slow 
process(1-3). Unl ike reac t i ons  i n  so lu t i on ,  where bu lk  mass t ranspor t  i s  l i m i t i n g  
on ly  fo r  very f a s t  r eac t i ons  such as p ro ton  t r a n s f e r ,  the ra tes  o f  react ions w i t h i n  
organic networks are o f t e n  l i m i t e d  by d i f f u s i o n  through t h e  so lvent  swollen so l i d .  
When coal contacts  a base so lu t i on .  t h e  base d i f f u s e s  i n t o  the  so l i d ,  over t h e  course 
o f  several hours, and reac ts  w i t h  the  a c i d i c  s i t e s  t h a t  a re  present. As a r e s u l t  o f  
t h i s  n e u t r a l i z a t i o n  and the  absorpt ion of  so lvent ,  the coal p h y s i c a l l y  swel ls  t o  a 
greater  volume. Under some cond i t i ons  the volume increase can be on the  order of 
400%. The r a t e  and e x t e n t  o f  t he  swe l l i ng  are h i g h l y  dependent on t h e  nature of the 
swe l l i ng  so lu t i on .  To study t h i s  d i f f u s i o n  process and lea rn  more about the phys ica l  
and chemical i n t e r a c t i o n s  o f  coal w i t h  so lvents  and reagents, we have examined and 
compared the ra tes  and e q u i l i b r i a  o f  coal swe l l i ng  and n e u t r a l i z a t i o n  as a f unc t i on  
of base c a t i o n  size, concentrat ion,  and so lvent .  

Coals are h i g h l y  heterogeneous ma te r ia l s ,  w i t h  complicated three-  
dimensional s t ruc tu res (4 -6 )  t h a t  conta in  en t ra ined  organic  ma te r ia l  known as 
bitumen(7). The c o n n e c t i v i t y ,  conformation, and topology o f  actua l  coal macro- 
molecules are unknown. Connec t i v i t y  r e f e r s  t o  the fundamental atomic connec t i v i t y  
and includes t h e  i d e n t i t y  and quan t i t y  o f  c ross - l i nks ,  the arrangement and t ype  o f  
fused-ring systems, and the  average molecular  weight between c ross - l i nks .  
C o l l e c t i v e l y ,  these fea tu res  comprise what i s  c a l l e d  the  pr imary s t ruc tu re .  The 
conformation o f  coal i s  r e l a t e d  t o  the  noncovalent c ross - l i nks  which. i n  pa r t ,  
mainta in  the  general shape o f  t he  macrostructure. These c ross - l i nks  i nc lude  t h e  
i n t e r -  and in t ramo lecu la r  assoc iat ions i n  the  form of hydrogen bonds(8-11). d ipo le -  
molecule i n t e r a c t i o n s ,  and simple entanglements i n  the s t ruc tu re .  Typ ica l l y ,  low 
rank coals (subbituminous and l i g n i t i c )  are character ized by s i g n i f i c a n t  q u a n t i t i e s  
of phenolic and carboxy l  groups (-4-8 per 100 c a r b o n s ) ( l l ) .  
groups. depending upon t h e i r  p r o x i m i t y  and the  degree o f  c r o s s - l i n k i n g  i n  the  organic 
network, w i l l  a f f e c t  t h e  o v e r a l l  acid-base e q u i l i b r i a  as we l l  as the  degree o f  
swe l l i ng  of t h e  ma te r ia l .  The ion  exchange p roper t i es  o f  such coals i n  aqueous media 
have recen t l y  been discussed(l2.13). 

We have examined a bituminous coal ( I l l i n o i s  No. 6, Table I )  which 
contains only  f i v e  a c i d i c  centers per 100 carbon atoms. 
represented by phenols( 11). Our work has focused p r i m a r i l y  on development o f  
swe l l i ng  as a macroscopic observable that r e l a t e s  the  known chemistry o f  we l l  
character ized i o n  exchange res ins  t o  t h e  chemistry o f  coal. Swe l l i ng  measurements i n  
conjunct ion wi th swo l l en  polymer theo r ies  have been used t o  prov ide i n fo rma t ion  about 
the  macromolecular s t r u c t u r e  o f  bituminous coals  (e.9.. number average molecular 
weight per cross-l ink)(4,14,15). 
although a complicated heterogeneous organic  ma te r ia l ,  possesses regu la r  and 
p red ic tab le  physio-chemical p roper t i es  s i m i l a r  t o  weak ac id  i o n  exchange res ins  
(po l ye lec t ro l y tes ) .  

RESULTS AND DISCUSSION 

The i o n i z a t i o n  o f  these 

Most o f  these s i t e s  a re  

In  general, we have found t h a t  bituminous coal, 

Swel l ing values ( Q  i n  u n i t s  o f  mL/g) were obta ined by mix ing dry, powdered 
c o a l ( l 6 )  w i t h  an approp r ia te  base s o l u t i o n  i n  graduated c e n t r i f u g e  tubes and reading 
the  volume of t h e  s o l i d  a f t e r  cen t r i f uga t ion .  Before conducting an experiment, the 
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i' 
coal was exhaust ive ly  ex t rac ted  us ing  p y r i d i n e  t o  remove occluded organic  ma te r ia l  
(25-30%)(17). 
t he  organic matr ix .  
6 coal was t rea ted  w i t h  methanolic s o l u t i o n s  o f  a se r ies  o f  tetra-c-alkylammonium 
hydroxides(R4NOH. R=methyl , n-propyl , n-buty l  , n-hexyl , and n-octy l  ) ,  t h e  
n e u t r a l i z a t i o n  and concomitaTit s w e l l i n g  were foFnd t o  be s t rFng ly  dependent on the  
s i z e  of the ammonium ions. To ob ta in  a convenient and usefu l  c o r r e l a t i o n  of y r  
data, we use an emp i r i ca l  r a t e  der ived by t r e a t i n g  the swe l l i ng  process as a 
order"  approach t o  e q u i l i b r i u m  w i t h  a t y p i c a l  d i f f u s i o n  t ime  dependence. The mass 
t ranspor t  process i s  q u i t e  complex and t h e  t ype  o f  d i f f u s i o n  mechanism opera t i ng  W i l l  
depend not on ly  on p a r t i c l e  shape bu t  a l so  on q 7 5 t i c l e  s i z e  d i s t r i b u t i o n ( l 8 ) .  F igure 
1 shows a p l o t  o f  - l n [ ( & - Q ) / ( e - Q ~ ) ]  versus t 
value and &. i s  the  f i n a l  va lue a f t e r  e q u i l i b r a t i o n .  
a measure o f  t he  s w e l l i n g  r a t e  which was found t o  decrease w i t h  i nc reas ing  base 
c a t i o n  s i z e ( l 9 ) .  
t imes f a s t e r  than w i t h  the  corresponding 1 - o c t y l  s u b s t i t u t e d  cat ion,  a s u r p r i s i n g l y  
l a rge  d i f ference.  

Examination o f  t h e  f i n a l  e q u i l i b r i u m  swe l l i ng  values Q, f o r  t h e  se r ies  
showed a un i form increase w i t h  the  nonsolvated volume o f  t h e  tetra-n-alkylammonium 
ions, ranging from 2.3 t o  43 mL/g(20). This i s  analogous t o  t h e  buTk volume i n -  
creases observed f o r  i o n  exchange res ins  i n  aqueous s o l u t i o n  as a f u n c t i o n  of 
hydrated i o n  volume(21). 
i s  many orders o f  magnitude greater  than the  volume increase ca l cu la ted  f o r  t h e  
absorbed quaternary ammonium ions.  

V f )  x 1001 versus t ime  (min.), f o r  several base so lu t i ons  s tud ied w i t h  t h e  PNE 
component o f  I l l i n o i s  No. 6 coal. The va lue V i s  t he  volume o f  standard a c i d  used t o  
t i t r a t e  an a l i q u o t  removed from the  r e a c t i o n  mixture. The value V was determined by 
t i t r a t i o n  o f  t he  s t a r t i n g  base s o l u t i o n  and the  value Vf i s  t he  cayculated volume f o r  
n e u t r a l i z a t i o n  o f  t h e  t o t a l  number o f  a c i d i c  s i t e s  (phenols and ca rboxy l i c  ac ids)  i n  
t h e  coal based on prev ious a l k y l a t i o n  experiments(9) us ing  i s o t o p i c a l l y  l abe led  
methyl iod ide.  The data are, therefore,  scaled so t h a t  100% represents the  t o t a l  
number o f  a c i d i c  hydrogens per gram o f  coal. By examining the  i n i t i a l  slopes, it can 
be seen t h a t  the 0.25 M n-Bu4NOH/methanol s o l u t i o n  neu t ra l i zes  the  coal about seven 
t imes slower dur ing t h F f i r s t  twenty minutes than e i t h e r  t h e  0.20 M n-Bu4 NOH/THF. 
H20 ( 4 : l )  o r  the 0.25MKOH/methanol so lu t i on .  A t  constant i o n  sizF,-the r a t e  o f  neu- 
t r a l i z a t i o n  i s  greater  f o r  n-Bu4NOH i n  aqueous THF than i n  methanol and i s  apparent ly  
r e l a t e d  t o  the so lvent  sweli-ing p o t e n t i a l .  When the  coal was placed i n  methanol, a 
swe l l i ng  value Q(mL/g) o f  2.3 was obtained w h i l e  aqueous THF l e d  t o  va lue o f  4.0, a 
74% increase i n  volume ( t y p i c a l  swe l l i ng  values f o r  severa l  so lvents  are given i n  
Table 11). The r a t e  o f  n e u t r a l i z a t i o n  was consis tent  w i th  the previous f i n d i n g s  t h a t  
t h e  s i z e  o f  quaternary ammonium ions was i n v e r s e l y  r e l a t e d  t o  the r a t e  of t h e i r  
d i f f u s i o n  i n t o  coal as measured by s w e l l i n g  s tud ies.  We would expect t h a t  potassium 
ions should because o f  t h e i r  small s ize,  d i f f u s e  i n t o  the  coal a t  a f a s t e r  r a t e  than 
t h e  n-Bu4N+'ion. However, a so lvent  m ix tu re  (THF/H20) t h a t  swel ls  t he  organic  ma t r i x  
t o  a g r e a t e r  extent  increases t h e  d i f f u s i o n  r a t e  o f  t h e  tetra-1-butylammonium ions  
i n t o  the  coal t o  a p o i n t  where the  order  i s  reversed. 

mechanism(22). We can w r i t e :  

Py r id ine  i s  known t o  d i s r u p t  hydrogen bonds i n  t h e  coal and t o  swel l  
When t h e  p y r i d i n e  nonextractable component (PNE) o f  I l l i n o i s  NO. 

f i r s t  

where QO i s  t h e  i n i t i a l  s w e l l i n g  
The slopes o f  these l i n e s  g i ve  

Swel l ing o f  t he  sample w i t h  tetra-methylammonium hydrox ide was -3.5 

The increase i n  volume o f  t h e  coal upon contact  w i t h  base 

F igure 2 shows a p l o t  o f  t h e  extent  o f  react ion,  expressed as (Vo-V)/(Vo- 

An empir ica l  r e l a t i o n s h i p  (Equation 1) can be used t o  analyze the  d i f f u s i o n  

[ ( Vo-V)/ ( V o - V f )  1 = k t  " 
ln[(Vo-V)/(Vo-Vf)) = Ink + n ( 1 n t )  

I 

t 

The quan t i t i es .  v,vo, and Vf are the  same as described above. The va lue k i s  a 
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constant  and n i s  an unknown exponent t h a t  def ines the  d i f f u s i o n  process (n= 0.5 f o r  
F i c k i a n  d i f f u s i o n ) .  A p l o t  o f  ln[(Vo-V)/(Vo-V )I  versus I n  t gives a s t r a i g h t  l i n e  
w i t h  slope equal t o  n. Least squares treatmen1 of t he  data f o r  0.2 M n-Bu4NOH/THF, 
~~0 and 0.25 M KOH/methanol gave t h e  r e s u l t s  shown i n  Table 111. ThFexponents 0.43 
and 0.46 i n d i c a t e  t h a t  a d i f f u s i o n  l i m i t e d  mechanism i s  operating, t h e  d e t a i l e d  
na tu re  o f  which w i l l  depend upon p a r t i c l e  s i ze  d i s t r i b u t i o n ( l 8 ) .  Base uptake ra tes  
were not measured f o r  t h e  other  tetra-alkylammonium ions. 

The ex ten t  o f  n e u t r a l i z a t i o n  a t  e q u i l i b r i u m  f a l l s  below t h e  t h e o r e t i c a l  
n e u t r a l i z a t i o n  p o i n t  i n  a l l  cases and i s  s t rong ly  dependent on c a t i o n  s i z e  and 
so l ven t  (F igure 2 ). 
f unc t i on  o f  ion rad ius  shows a profound decrease i n  capaci ty  as i o n  s i z e  increases. 
The capaci ty  drops from 1.45 t o  0.41 mmol/g f o r  te t ra-methy l  and te t ra-n-hexy l  
ammonium ions, respec t i ve l y .  The base capaci ty  l e v e l s  o f f  as the s i z e  Ff the  ca t i on  
increases, apparent ly  t o  some constant value independent o f  chain length. A s i m i l a r  
l e v e l i n g  e f f e c t  i s  seen i n  methanol f o r  t h e  ammonium ions, te t ra-E-propy l  through 
te t ra -E -oc ty l .  I n  t h i s  se r ies ,  t h e  change i n  base capaci ty  was small ,  however, over 
t h e  range studied. A decrease i n  base capaci ty  w i t h  i nc reas ing  c a t i o n  s i z e  i s  
t y p i c a l  f o r  c ross - l i nked  polyac ids(23) .  I n  po l ye lec t ro l y tes ,  these t rends a re  
explained by increased cha in  (po lyanion)  p o t e n t i a l s .  As i on  s ize increases, average 
charge separation d i s t a n c e  w i l l  a l s o  increase lead ing  t o  d e s t a b i l i z a t i o n  o f  t he  
macro-ion and lowered i o n i z a t i o n  constants. T i t r a t i o n  s tud ies  of l i n e a r  p o l y a c r y l i c  
ac ids  w i th  quar ternary ammonium bases have demonstrated t h a t  pKa increases w i t h  
c a t i o n  size(24). Ev iden t l y ,  c r o s s - l i n k i n g  l i m i t s  the conformational m o b i l i t y  o f  the 
poly-anion, produces a h ighe r  dens i t y  o f  charges i n  a given volume element, and again 
r a i s e s  the p o t e n t i a l  o f  t h e  macro-ion. 

p o l y e l e c t r o l y t e  charg ing e f f e c t s  as discussed f o r  cross- l inked res ins  i n h i b i t  
d i s s o c i a t i o n  w i t h i n  the  organic  m a t r i x  or, 2) s p e c i f i c  s t r u c t u r a l  features such as i n  
a o-phthal ic  ac id  o r  catechol  l ead  t o  a subs tan t i a l  decrease i n  t h e  i s s o c i a t i o n  

H20)(25). 
po ten t  1 ometric t i t r a t i o n  ( 26). 

observat ion t h a t  t h e  a d d i t i o n  o f  e l e c t r o l y t e s ,  potassium c h l o r i d e  and t e t r a - 1 -  
butylammonium bromide. t o  KOH and n-Bu NOH so lu t i ons ,  respec t i ve l y ,  increases both 
t h e  swe l l i ng  volume and base uptakFdu!ing n e u t r a l i z a t i o n .  Table V I  gives t h e  
e q u i l i b r i u m  s w e l l i n g  values and base capac i t i es  f o r  I l l i n o i s  No. 6 (TNE) coal t rea ted  
w i t h  0.25 M base s o l u t i o n s  i n  methanol and water. Base capaci ty  f o r  an aqueous 
KOH/KCl m iy tu re  increased 36% over a corresponding base s o l u t i o n  con ta in ing  no 
s a l t .  This e f f e c t  was g r e a t l y  augmented f o r  n-Bu4NOH/H20 mixtures where base 
capaci ty  increased from 0.47 t o  1.17 (mmoL/g)-upon t h e  a d d i t i o n  of n-Bu NBr ( f ou r  
f o l d  excess). A s i m i l a r  s a l t  e f f e c t ,  although attenuated, was observed f o r  E- 
Bu4NOH/MeOH so lu t i ons .  
been observed i n  many macromolecular systems (syn the t i c  res ins,  p e c t i c  ac id ,  
etc.)(27-29). 

Nat and K+ are 1.92 and 1.89 (mrnol/g), respec t i ve l y ,  and e s s e n t i a l l y  the same, a 
s i g n i f i c a n t  increase i n  bu l k  swe l l i ng  i s  observed fo r  Na' (4.5 versus 3.8 mL/g). 
Th is  i s  cons is tent  w i t h  a greater  so lvated volume f o r  Na' than K+ ions. 
Solvat ion number f o r  Na' i n  methanol i s  known t o  be g rea te r  than t h a t  f o r  K'(30). 
The increased s w e l l i n g  a t  constant  capaci ty  may i n d i c a t e  t h a t  sodium i s  we l l  solvated 
i n  t h e  coal. 

Examination o f  t h e  quar ternary ammonium ion  data i n  water as a 

I n  coal, two explanat ions are poss ib le  f o r  incomplete n e u t r a l i z a t i o n :  1) 

coi istant f o r  a second deprotonat ion (0 -ph tha l i c  ac id ;  kl/k2=3.3 x 10 1 a t  25OC i n  
The l a t t e r  exp lana t ion  has-been proposed based on evidence obtained from 

Also cons is ten t  w i t h  a p o l y e l e c t r o l y t e  model f o r  bituminous coal i s  the 

Such s a l t  e f f e c t s  are expected f o r  p o l y e l e c t r o l y t e s  and have 

It i s  i n t e r e s t i n g  t o  note tha t ,  although the  measured base capac i t i es  f o r  

The 

Table I V  a l so  g ives f i n a l  swe l l i ng  values Q- (mL/g) and base capac i t i es  
(mmoL/g) f o r  0.25 1 potassium and te t ra -1 -bu ty l  ammonium hydroxides as we l l  as 0.125 
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, 
- M te t ra-n-hexy l  ammonium hydrox ide i n  var ious solvents. For 0.25 M KOH, MeOH leads 
t o  a 67%-increase i n  swe l l i ng  over t h a t  observed f o r  H20 and the  bzse capac i t y  
increases by 35%. This general t r e n d  , where b e t t e r  coal  s w e l l i n g  so l ven ts  lead t o  
increased swe l l i ng  and base uptake capaci ty ,  p e r s i s t s  f o r  the t h r e e  bases examined. 
Presumbably, a phys i ca l  increase i n  t h e  spacing o f  i on i zed  groups v i a  s t r e t c h i n g  of 
t he  cross- l inked coal m a t r i x  ( t h i s  could be a conformat ional  change i n  t h e  
macromolecular s t r u c t u r e )  a l lows a g rea te r  base uptake. It must be noted, however. 
t h a t  changes i n  t h e  d i e l e c t r i c  o f  t he  medium w i t h  d i f f e r e n t  so lvents  may a c t  t o  
s t a b i l i z e  the  polyanion d i r e c t l y  r a t h e r  than v i a  so lvent-coal  swel l ing.  

Examination of hu l k  swe l l i ng  versus t ime  curves f o r  severa l  concentrat ions 
of tetra-n-butylammonium hydroxide i n  methanol revealed an unusual e f f e c t .  Although 
t h e  equi lTbr ium swe l l i ng  values increased w i t h  base concentrat ion,  an i nve rse  
dependence was observed w i t h  respect  t o  i n i t i a l  swe l l i ng  r a t e  (est imated from the  
i n i t i a l  slopes). The swe l l i ng  r a t e  f o r  t h e  0.251?_solut ion i s  about s i x  t imes 
greater  than the  r a t e  observed f o r  t he  1.0 M so lu t i on .  
i nvo l ves  osmotic pressure e f fec ts (31 ) .  SinFe the  absorpt ion o f  i o n s  i n t o  the organic  
m a t r i x  i s  slow compared t o  the  r a t e  o f  so lvent  uptake, t h e  swollen coal p a r t i c l e s  
apparently behave as if enclosed i n  a semipermeable membrane. 
i o n i c  s t reng th  "deswell" t he  coal o r  l i m i t  the amount o f  so lvent  t h a t  can be absorbed 
i n t o  the c ross - l i nked  ma t r i x .  S im i la r  deswel l ing has been observed f o r  weak a c i d  
ion-exchange res ins(24) .  
when excess e l e c t r o l y t e  i s  added t o  a 0.25 M s o l u t i o n  o f  tetra-n-butylammonium 
hydroxide; although a cross over i n  s w e l l i n g  value i s  observed Tt long t imes which 
leads t o  a subs tan t i a l  increase f o r  t he  s o l u t i o n  o f  h igher  i o n i c  s t rength.  

component o f  I l l i n o i s  No. 6 coal i s  presented. 
extent  versus t ime f o r  n e u t r a l i z a t i o n  and swe l l i ng  w i t h  0.25 M potassium and te t ra -E -  
butylammonium hydroxides i n  methanol. 
extent  o f  swe l l i ng  f o r  tetra-n-butylammonium hydroxide i n  methanol appears l ess  than, 
o r  equal to ,  t he  s w e l l i n g  obsrrved i n  KOH/methanol so lu t i on ,  these curves have been 
normalized t o  t h e i r  own f i n a l  s ta tes.  A t  equal concentrat ions, t h e  te t ra -n -  
butylammonium hydroxide s o l u t i o n  swel ls  coal t o  a much greater  ex ten t  (4.8-mL/g) than 
potassium hydrox ide (3.9 mL/g). This i s  a greater  than 20% increase i n  t h e  bulk  
swel l ing,  even though fewer s i t e s  have been reacted. With potassium hydroxide, t h e  
degree o f  swe l l i ng  o f  t h e  ma t r i x  i s  d i r e c t l y  co r re la ted  w i t h  n e u t r a l i z a t i o n .  An 
incremental increase i n  base uptake leads t o  a corresponding increase i n  t h e  ex- 
pansion o f  t he  organic  matr ix .  Th is  i s  no t  the case, however, f o r  t e t r a - n -  
butylammonium hydroxide. A t  a g iven t ime  the  ex ten t  o f  s w e l l i n g  i s  g rea tF r  than the  
extent  o f  n e u t r a l i z a t i o n .  W i th in  one hour r a p i d  s w e l l i n g  o f  t h e  coa l  occurs ( 70% o f  
&. wh i le  on l y  h a l f  o f  t h e  access ib le  a c i d i c  s i t e s  are neu t ra l i zed ) .  
quaternary ammonium ions apparent ly  ac t  as a wedge i n  t h e  organic s t r u c t u r e  and must 
l ead  t o  conformational changes i n  the m a t r i x  t h a t  do not  occur w i t h  the sma l le r  
potassium ion. 
t he  hydrogen bonded, a c i d i c  groups, t he  h i g h l y  a1 i p h a t i c  character  o f  t h e  t e t r a - n -  
butylammonium ions  may lead t o  s t rong  hydrophobic in teract ions(32-34)  t h a t  i n f l uence  
l o c a l  s t ruc tu re .  Such hydrophobic i n t e r a c t i o n s  would no t  be expected f rom solvated 
potassium ions and should be minimized i f  the  a c i d i c  s i t e s  were un i fo rm ly  dispersed 
throughout the the  cross- l inked s t ruc tu re .  S i m i l a r  speculat ions have been made 
regard ing the s t r u c t u r e  of g lobu la r  prote ins(35) .  

One poss ib le  exp lan t i on  

Solut ions of h igh  

A d ramat i ca l l y  decreased r a t e  o f  s w e l l i n g  i s  a l s o  observed 

I n  F igure 3. a comparison between s w e l l i n g  and n e u t r a l i z a t i o n  o f  t he  (TNE) 
The f i g u r e  shows a p l o t  o f  r e a c t i o n  

It i s  important t o  n o t F  t h a t ,  a l though the  

The l a r g e  

If h y d r o p h i l i c  reg ions e x i s t  i n  t h e  coal, which con ta in  c l u s t e r s  o f  

CONCLUSION 

The physio-chemical behavior o f  bituminous coal w i t h  base and s a l t  mix tures 
has been shown t o  be i n  accord w i t h  a simple p o l y e l e c t r o l y t e  model, de r i ved  from more 
regu la r  polymeric m a t e r i a l s  ( f unc t i ona l i zed ,  c ross - l i nked  res ins) .  Bulk s w e l l i n g  
measurements i n  con junc t i on  w i t h  chemical probes have prov ided use fu l  i n fo rma t ion  
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about n e u t r a l i z a t i o n  r a t e s  and e q u i l i b r i a .  
heterogeneous, organic  so l i ds ,  such as coal, i s  needed f o r  the c o n t r o l l e d  processing 
o f  f o s s i l  fue ls  and more genera l l y  f o r  the c o n t r o l  o f  reac t i on  chemistry w i t h i n  
so lvent  swollen, t h ree  dimensional organic  matr ices.  

The understanding o f  these p roper t i es  f o r  

EXPERIMENTAL SECTION 

Mate r ia l s .  The p y r i d i n e  and te t rahyd ro fu ran  nonextractable component of 
I l l i n o i s  do. 6 coal ,  a h i g h - v o l a t i l e  C, bi tuminous rank coal, was used i n  the s tud ies 
described. Solvent f r a c t i o n a t e d  coal was prepared us ing  a Soxhlet e x t r a c t i o n  
apparatus. The coal was ex t rac ted  with p y r i d i n e  u n t i l  t h e  s o l u t i o n  f i l t e r i n g  through 
t h e  ex t rac t i on  th imb le  was c l e a r  (-four days), then with d i s t i l l e d  te t rahydrofuran 
(-one day). Dry ing o f  t h e  sample was accompli.shed us ing  a vacuum oven (1-5 to r r . )  a t  
105-110°C f o r  a minimum o f  twenty- four  hours. I n  some cases t h e  coal was pre-dr ied 
i n  a f r i t t e d  funnel t o  remove most o f  t he  organic  so lvent  under a stream o f  n i t rogen  
before the f i n a l  d ry ing  step. A l l  so lvents  used were reagent grade and were no t  
f u r t h e r  p u r i f i e d  be fo re  use unless otherwise spec i f i ed .  
bromide (99%) was ob ta ined  from A l d r i c h  Chemical Company and t h r  t e t r a - n -  
a1 kylammonium hydrox ides were obtained from Southwestern A n a l y t i c a l  CheFical, Inc. 
(Austin, Texas). 

Tetra-n-butylammonium 

Swel l ing Measurements. I n  a t y p i c a l  swe l l i ng  experiment, a 15 mL graduated 
screwtop c e n t t i f u g e a t .  No. 45166) was charged w i t h  1.0 grams of dry, 
f rac t i ona ted  coal  and 14  mL o f  the appropr ia te swe l l i ng  so lu t i on (36 ) .  The tube was 
sealed immediately u s i n g  a Te f lon - l i ned  cap, taped t o  prevent so lvent  l oss  due t o  
evaporation, and shaken a t  room temperature (24OC) a t  a r a t e  of about 170 cyc les per 
minute using an Ederbach Corporat ion sample shaker (Model No. 6000) equipped w i t h  a 
u t i l i t y  c a r r i e r  t r a y  (Model No. 5865). When shaking was begun, the  t ime  was noted; 
t h i s  was taken as t fo r  k i n e t i c  runs. 
from t h e  shaker pe r?od ica l l y ,  t he  t ime was recorded. and the samples were centr i fuged 
a t  2800 rpm (25 cm r o t o r ,  -2200 G’s) f o r  f i v e  minutes us ing  a Sorva l l  Instruments RC- 
38 r e f r i g e r a t e d  c e n t r i f u g e  a t  24’C. The tubes were removed, b r i e f l y  shaken t o  
d is lodge any s o l i d  m a t e r i a l  adhering t o  the upper po r t i ons  of t he  tube, and spun down 
again a t  2800 rpm f o r  another f i v e  minutes. The samples were removed from t h e  
centr i fuge,  and the volume o f  s o l i d  was measured by v i sua l  i nspec t i on  o f  the 
c a l i b r a t e d  tubes. I n  some samples, darkening o f  the l i q u i d  l a y e r  and uneven s e t t l i n g  
of the coal d u r i n g  c e n t r i f u g a t i o n  l e d  t o  small u n c e r t a i n t i e s  i n  volume readings. 
Using repeat measurements, maximal e r r o r s  were estimated t o  be f 0.1 mL. When the 
volume measurements were completed, t h e  tubes were shaken v igorous ly  by hand t o  break 
up the s o l i d  p l u g  o f  coa l  produced by c e n t r i f u g a t i o n  and placed back i n t o  the shaker 
t o  resume the  k i n e t i c  run. Swe l l i ng  volumes were recorded us ing  the method described 
above u n t i l  t hey  were constant  a t  long reac t i on  t imes. Equ i l i b r i um swe l l i ng  values 
were obtained i n  a s i m i l a r  f ash ion  a f t e r  a t o t a l  shaking t ime  o f  two weeks. 
e l im ina te  e r r o r s  i n  s w e l l i n g  measurements due t o  d i f f e rences  i n  p a r t i c l e  s i z e  from 
one experiment t o  the  nex t ,  a l l  samples compared were obta ined from t h e  same batch of 
we1 1 -mi xed coal  - 

During the experiment. tubes were removed 

To 

Neutral i r a t i o n  Rate and Base Capacity Measurements. A t y p i c a l  n e u t r a l i z a t i o n  study 
was ca r r i ed  out  i n  the manner descr ibed below f o r  M F  f r a c t i o n a t e d  coal .  A l l  
experiments were conducted a t  ambient temperature (24OC). Neu t ra l i za t i on  of the 
THF Nonextiactable Component o f  I l l i n o i s  No. 6 Coal. 
bottomed f lask was equipped w i t h  a magnetic s t i r r i n g  bar  and charged w i t h  4.00 grams 
of THF inso lub le  I l l i n o i s  No. 6 coal. The s o l i d  coal was s t i r r e d  and 55.0 mL of 0.26 
- M KOH ( 1  equ iva len t  assuming 3.5 meq. o f  a c i d i c  hydrogens per gram o f  c o a l )  i n  
methanol was added i n  one p o r t i o n  rap id l y .  When a d d i t i o n  of t h e  base s o l u t i o n  was 
completed. a t imer  was s t a r t e d  and the  k i n e t i c s  run begun. Dur ing the  course of  the 
n e u t r a l i z a t i o n .  the s o l u t i o n  was maintained under a p o s i t i v e  pressure o f  n i t rogen.  
Pe r iod i ca l l y ,  t h e  s l u r r y  was sampled us ing  a l a r g e  bore c a l i b r a t e d  g lass tube and a 
G l a s f i r n  “Pi-Pump” p i p e t t i n g  a id .  A 2 mL a l i q u o t  was removed. Contro l  experiments 

1. 
A 100 m i  single-necked, round 



showed t h a t  t h e  s l u r r y  was we l l  ag i ta ted  and t h a t  equal p o r t i o n s  o f  coal  and so lu t i on  
were removed regardless of the  sampling depth o f  t h e  p ipe t te .  
was f i l t e r e d  us ing  a s in te red  glass. medium f r i t  f i l t r a t i o n  funnel .  
washed w i t h  2 mL o f  methanol and the  f i l t r a t e  was d i l u t e d  w i t h  20 mL of de-ionized, 
degassed water. 
a pH o f  7.0. 
concentrat ion.  F ina l  base concentrat ions i n  the  reac t i on  m i x t u r e  were determined 
a f t e r  twenty-four hours. 2. Base Capacity Measurements. E q u i l i b r i u m  base 
capac i t ies  were measured a f t e r  two weeks by t i t r a t i o n  o f  a known volume a l i q u o t  
removed from t h e  supernatant o f  t h e  cen t r i f uged  swe l l i ng  samples. 
conducted a t  room temperature w i t h  standard ac id  s o l u t i o n  (0.020 fi HCL) us ing  a 
Beckman Potentiograph ( E  536) and a Metrohm (655) Dosimat. 

The removed a l i q u o t  
The Coal was 

The aqueous methanol s o l u t i o n  was then t i t r a t e d  w i t h  0.020 E HCL t o  
Blank t i t r a t i o n s ,  w i thout  coal ,  were done t o  determine t h e  i n i t i a l  base 

The t i t r a t i o n  was 

ACKNOWLEDGEMENTS 

We would l i k e  t o  extend spec ia l  thanks t o  Professor J. W. Larsen f o r  
i n s i g h t f u l  d iscussions and h i s  ins t rumenta l  con t r i bu t i ons  t o  t h e  progress of our 
work. Apprec ia t ion  i s  a l so  given t o  M. L. Gorbaty. P. S. Hagan, J. S. Gethner and D. 
Brenner f o r  valuable suggestions. 

FOOTNOTES AND REFERENCES 

1 

Tanford, C., "Physical  Chemistry o f  Macromolecules", W i l e y :  

Kim, €3.; K i rszensztejn,  P.; Bo l i ka l ,  0.; and Regen, s. L.. J .  i im. Chem.  SOC. 
1983, 105, 1567. 
Brutskus, T. K.; Saldadze. K. M.; Uvarova, E., A.; Fedtsova. M. A., B e l ' f e r ,  
S . I . ,  RUSS. J .  P h y s .  Chem. 1973. 47. 858. 
Larsen, J. W.; Kovac. J. "Organic Chemistry o f  Coal", ACS Symposium Series 71; 
Larsen, J. W., Ed.; A m e r i c a n  c h e m i c a l  S o c i e t y :  Washington, D.C. 1978. p 36. 
Wert. C. A.; Weller. M., J .  A t p i .  P h y s .  1982, 53. 6505. 
Lucht, L. M.; Peppas, N. A., New approaches i n  Coal chemistry",  Blaustein,  6. 
D.. Bockrath; B. C., Friedman, S.. Ed., A m e r i c a n  C h e m i c a l  s o c i e t y .  Washington, 
D. C. 1981 43. p 59. 
VanKrevelen, D. W., Coal E l s e v i e r  P u b l i s h i n g  Company 1961, pp 177-200. 
Sanada, Y.; Honda. H., F U ~  1966. 45, 451. 
L io t ta ,  R., F U ~  1979, 58, 724. 
Larsen. J. W.; Green. T.; Mohammadi, M.; Nadar, P. A.; Montano. P.. F U ~  
1982. 61, 889. 
L i o t t a .  R.; Rose, K.; Hippo, E. J .  oq. Chem. 1981 46. 277. 
Bobman. M. H.; Golden, T. C.; Jenkins, R. G., solvent E r t r .  ron E x c h .  
1983, 7. 791. 
i b i d .  1983, 7, 813. 
Sanada Y.; Honda, H. puel 1966, 45. 295. 
Nelson, J. R. puel 1983, 62. 112. 
Control  experiments revealed t h a t  bu lk  swe l l i ng  measurements were i n s e n s i t i v e  
t o  s h i f t s  i n  p a r t i c l e  s i z e  d i s t r i b u t i o n . p r o d u c e d  by hand gr ind ing .  A t y p i c a l  
s t a r t i n g  sample gave t h e  fo l l ow ing  d i s t r i b u t i o n :  

Calculated f o r  t h e  organic component (dry, mineral  m a t t e r  f r e e  basis) .  
Brenner, D.; Hagan, P. S., "D i f f us i ve  Uptake of F lu ids  by Coal Pa r t i c l es " ,  
Abstract ,  Symposium on "Physical  Methods f o r  Foss i l  Fuels Charac ter iza t ion" .  
h e r .  Chem. SOC. Nat. M e e t i n g ,  M i a m i .  F lo r ida ,  April 28. 1985. 
The r a t e  data when p l o t t e d  versus the  rad ius  of t he  ca t ions  does no p rov i  

g ive an equa l ly  good s t r a i g h t  l i n e  and i n d i c a t e  t h a t  t h e  range o f  i o n  s izes  
examined may be i n s u f f i c i e n t  t o  d i f f e r e n t i a t e  t h e  na ture  o f  the  func t i ona l  
dependence. 

New York 1961, pp 
346-364. 

(ASTM mesh size,  w t % )  20-40, 
31; 40-60, 29; 60-80, 14; 80-100, 6; 100-200. 16; 200-325, 2; 325, 2. 

mechanist ic d e t a i l  concerning t h e  d i f f u s i o n  process. P lo ts  us ing  R h and R P72 

439 



i 
Hughes, S. R. C.; Price. 0. H., J .  Chem. Soc. (A) rnorg. P h y s .  T h e o r .  
1967. 1093. 
Gregor, H. P., J. dm. Chem. Soc. 1948. 70. 1293; 1951, 73. 642. 
Peppas. N. A.; Lucht, L. M.; H i l l - L i vense ,  M. E.; Hooker, D. R. "Macromolecular 
S t ruc tu ra l  Changes i n  Bituminous Coals du r ing  Ex t rac t i on  and S o l u b i l i z a t i o n " .  

Gregor. H. P.; Hamilton, M. J.; Becher, J.; Berste in ,  F. J .  P h y s .  Chem. 
1955, 59. 874. 
Gregor. H. P.; L u t t i n g e r .  L. E.; Loebl, E. M.; J .  h e r .  Chem. SOC. 1954, 76, 
5879. 
Weast, R. C.; Ast le ,  M. J., "CRC Handbook of Chemistry and Physics", CRC Press, 
rnc., Boca Raton, F l o r i d a  1982, p 171. 
Dutta. P. K.; Holland, R. J. F u e l  1983, 62. 732. 
Leyte. J. C.; Mandel, M. J .  p o l y m .  sci. Part  A 1964, 2. 1879. 
Michael i ,  I.; Katchalsky. A. J .  P o l y m .  sci. 1957. 23, 683. 
Katchalsky. A. J . ;  Fe i te l son ,  J. J .  P o l y m .  sci. 1954, 13. 385. 
Gopal, R . ;  Husain. Y. M., J .  Indian Chem. Soc. 1963. 40, 981. 
H e l f f e r i c h ,  F., " Ion Exchange". McGrav-Hill:  New York, 1962. pp 100-104, 389. 
Tanford, C., "The Hydrophobic E f fec ts " .  2nd Ed.; W i l e y :  New York. 1980. 
Ben-Naim, A. "Hydrophobic In te rac t i ons " ;  p l e n u m  p r e s s :  New York, 1980. 
Jaing, X-K.; Hui, Y-2.; Fan, W-Q., J .  dm. Chem. SOC. 1984, 106. 3839. 
Reference 1, 129. 
Larsen has shown t h a t  so lvent  s w e l l i n g  measurements conducted i n  t h i s  fashion 
g ive the same r e s u l t s  as t h e  more common g rav ime t r i c  methods; Green, T. K.; 
Kovac. J.; Larsen. J. W. F u e l  1984, 63. 935. 

TABLE I 
Typica l  Analys is  f o r  Raw, Perdeuteromethylated, 

and Solvent Ext racted I l l i n o i s  No. 6 Coal 

1983. D e p a r t m e n t  of E n e r g y ,  P i t t s b u r g h  E n e r g y  T e c h n o l o g y  C e n t e r .  Contract NO. 
DE-FG22-80PC3022. 

PNE - RAW - 
68.4 64.9 

5.2 4.8 

1.3 1.2 
0.01 0.01 

1.3 1.7 

3.1 3.6 

4.4 5.3 
9.4 13.7 

14.4 17.2 

11.2 16.3 
10.8 9.1 

PE 

77.8 
5.8 

1.4 

- 

- 

3.2 

3.2 

11.8 

PNE-CD3 

65.5 
4.0 
2.4 

- 

TNE-CD3 

66.9 
4.4 
1.7 

RAW-CD3 

69.5 
4.8 
1.8 
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I C 

H i 

Od 
N 

S 

0 

CO3 Groupse 

I 

Empir ica l  Formula on Cleo Basis 

100.0 100 .o 100.0 100.0 100.0 100.0 

91.8 89.1 89.2 73.0 79.6 82.2 

22.1 15.3 15.4 

1.6 1.6 1.5 

1.7 2.1 1.5 - 
11.8 10.5 11.4 - 

- 

- 7.4 5.1 5.1 

a PNE = py r id ine  nonextractable component, PE = p y r i d i n e  ex t rac t ,  and TNE = THF 

b 46 p y r i t i c  s u l f u r  

c 

d by combustion/mass spec t ra l  analys is  

e 

I 
nonextractable component 

MM = mineral mat ter  ca l cu la ted  as 1.13 (ash) + 0.47 ( p y r i t i c  S) 

a l k y l a t i o n  procedure taken from References 9 and 11 

TABLE I 1  
Solvent Swe l l i ng  Values f o r  t h e  Py r id ine  Nonextractable 

Component o f  I l l i n o i s  No. 6 Coal 

Sol vent 

HZO 1.8 

MeOH 2.3 

THF 3.6 

THF/H20 (3 : l  by volume) 4.0 

Pyri d ine  4.5 

TABLE 111 
Least Squares Treatment (Eq. 1) o f  N e u t r a l i z a t i o n  Data f o r  t he  
Tetrahydrofuran Nonextractable Component o f  I l l i n o i s  No. 6 Coal 

Concentrat ion (MJ Solvent n k r2 - - - -  Base 

n-BuqNOH 0.20 THF/H20 0.43 1.9 0.97 - 
KOH 0.25 MeOH 0.46 2.1 0.99 
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Base 
(0.25 I?) 

KOH 

KOH 

KOH 

- n-Bu4NOH 

- n-BuqNOH 

- n-Bu4NOH 

- n-BuqNOH 

- n -Bu4NOH 

- n -Hex4NOHC 

- n -Hex4NOHC 

TABLE I V  
Base Capaci t ies and Swel l ing Values Q as a func t i on  o f  Solvent, 

S a l t  Concentrat ion. and Base f o r  t h e  TNE Nonextractable Component 
o f  I l l i n o i s  No. 6 Coal. 

Sol vent 

H20 

H2O 

MeOH 

H20 

H20 

MeOH 

MeOH 

THF/H20( 3: l)a 

H20 

THF/ H20( 3: 1)  a 

S a l t  
(1.0 MJ 

K C l  

- 

- n-Bu4NBr 

- n-BuqNBr 

a By volume 

b Corrected for  p a r t i a l  d i s s o l u t i o n  o f  the sample. 

c 0.125 5 

Q(mL/g) 

2.2 

2.4 

3.8 

2.0 

3.5 

4.8 

5.4 

7.0 

2.1 

5.8 

Base Capacity 
( m o l  / g )  

1.40 

1.90 

1.89 

0.47 

1.17 

1.49 

1.83 

>1.65b 

0.41 

>1.17b 
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COAL: MACROMOLECULAR STRUCTURE AND REACTIVITY 

John W. Larsen 

Department of Chemistry 
Lehigh University 

Bethlehem, Pennsylvania 18015 

This paper will tie together results from two disparate studies 
of coal reactivity, studies whose only uniting feature is the 
reactant coal. They will be discussed in terms of a model for the 
macromolecular structure of coal. Two very different reactions have 
been chosen to illustrate the utility and appropriateness of the 
model under very different circumstances. Not all of the predictions 
made are correct, we have very far to go. The ability to make a 
definite prediction about coal reactivity from a model is an advance. 
I hope the power and utility of viewing coal as a macromolecular 
solid will be made apparent by the selected examples. 

Coals are extraordinarily difficult materials to study, and, 
more than in most areas of science, progress is general and due to 
the efforts of the whole, rather than a few. 
Progress has been rapid recently, due in part to new ideas and 
approaches rising from the general realization that coals are 
macromolecular gels and the concepts and techniques of polymer 
science apply. 

A tiny beginning has been made in relating coal macromolecular 
structure to reactivity. The importance of macromolecular structure 
can be made clear by a consideration of the general factors which are 
important in the conversion of coals to soluble materials. The 
overall conversion rate will be a function of the number of bonds 
which must be broken to produce a soluble material, some mass 
transport terms, and the rates at which the individual chemical bond 
breakings occur. The first term is a simple function of the 
macromolecular structure. In principal, knowledge of the 
macromolecular structure will lead to a reasonable understanding of 
mass transport rates. Systematic study of mass transport in coals is 
just now beginning, despite the very important role it plays in many, 
if not most, coal reactions. The intrinsic chemical reactivity of 
individual bonds or groups, the third term, is not a function of the 
network containing those groups. Any attempt to understand coal 
reactivity in a fundamental way must include a macromolecular 
structure model of sufficient specificity to be useful for 
predictions. Neither the model nor the necessp-8 theoretical 
framework yet exist, but progress is being made . In this short 
paper a structural model will be presented and related to coal 
reactivity at both low and high temperatures. The discussion will 
cover important issues which we do not understand as well as a few we 
are beginning to understand. 

No. 6 coal having the following composition (dmmf) C 
and five hydroxyl groups per 100 carbon atoms. In dr&%~84~h!~1fidh14 
we arbitrarily assumed a cluster molecular weight of 300. The 
extractable material, that not bonded to the network, has an averaqe 
molecular weight of 900, close to experimental value for this coal . 
The number average molecular weight between cross links (M ) 
3000, higher than that given by our experiments . There esists 

The structural model is shown in Figure 1, and is for an Ill. 

is 
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I, e v i d e n c e  t h a t  t h e  u s e  of  t h e  Kovac model' u n d e r e s t i m a t e s  M . The 
c l u s t e r s  which  a r e  ne twork  b r a n c h  p o i n t s ,  which  a r e  l i n k e d  €0 more 
t h a n  t w o  o t h e r  c l u s t e r s ,  are  c i r c l ed .  The m o s t  s t a r t l i n g  f e a t u r e  of 
t h e  model is t h e  l a r g e  number o f  n e t w o r k  a c t i v e  h y d r o g e n  b o n d s ,  
d e n o t e d  by h a s h  marks .  I n  t h i s  n a t i v e  coa l ,  h y d r o g e n  bond cross l i n k s  
( b r a n c h  p o i n t s )  e x c e e d  c o v a l e n t  o n e s  by a f a c t o r  o f  f o u r .  T h i s  v a l y e  
was d e r i v e d  f r o m  s o l v e n t  s w e l l i n g  m e a s u r e m e n t s  p u b l i s h e d  e l s e w h e r e  . 
p r e d i c t i o n s  a b o u t  t h e  r a t e  o f  t h e  l o w  t e m p e r a t u r e  d i f f u s i o n  
c o n t r o l l e d  r e a c t i o n  be tween maleic  anhydfhde  a n d  coal.  T h i s  h a s  b e e n  
e s t a b l i s h e d  as  a D i e l s - A l d e r  r e a c t i o n  ' . A c o n s i d e r a t i o n  o f  t h e  
known r e a c t i v i t y  o f  maleic a n h y d r i d e  i n  D i e l s - A l d e r  r e a c t i o n s  and 
c u r r e n t  coal  s t r u c t u r a l  m o d e l s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  
r e a c t i o n  m u s t  b e  o c c u r r i n g  be tween a n t h r a c e n e  s t r u c t u r e  u n i t s  a n d  
m a l e i c  a n h y d r i d e .  N e i t h e r  b e n z e n e ,  n a p h t h a l e n e ,  or p h e n a n t h r e n e  
r eac t .  The l i n e a r  a n t h r a c e n e  s t r u c t u r e  reacts r e a d i l y ,  e i t h e r  a s  
a n t h r a c e n e  i t s e l f  a s  shown be low or when t h i s  s t r u c t u r e  is  imbedded 
i n  a l a r g e r  p o l y n u c l e a r  aromatic s y s t e m  (PNA). The e v i d e n c e  t h a t  t h e  
r e a c t i o n  is  mass t r a n s p o r t  l i m i t e d  is: t h e  r e a c t i o n  of coals is much 
slower t a t h e  r e a c t i o n  o f  a n t h r a c e n e  i t s e l f ,  t h e  r e a c t i o n  k i n e t i c s  
f o l l o w  t?', a n d  t h e  a c t i v a t i o n  energy f o r  t h e  r e a c t i o n  i n  
o - d i c h l o r o b e n z e n e  i s  7 .5  k c a l / m o l e .  

W e  w i l l  f i r s t  u s e  t h i s  model t o  make some q u a l i t a t i v e  

6 

0 

W e  a n t i c i p a t e d  t h a t  s w e l l i n g  t h e  coa l  would i n c r e a s e  t h e  
r e a c t i o n  r a t e .  P a r t i c u l a r l y ,  a s  h y d r o g e n  bonds  were b r o k e n  by 
s o l v e n t s  l i k e  d i o x a n e ,  t h e  n e t w o r k  would  become more f l e x i b l e  and 
d i f f u s i o n  r a t e s  would  i n c r e a s e .  T h i s  d i d  n o t  happen  as shown by t h e  
d a t a  i n  T a b l e  1. W e  d o  n o t  u n d e r s t a n d  t h i s ,  and  p l a n  f u r t h e r  s t u d i e s .  

I n  o t h e r  r e s p e c t s ,  t h e  r e a c t i o n  seems n o r m a l .  The e f f e c t  o f  
b u l k y  g r o u p s  o n  t h e  r e a c t i o n  is  t o  s l o w  t h e  r a t e ,  a s  i l l u s t r a t e d  b y  
t h e  d a t a  f o r  f u m a r a t e  es ters  shown i n  T a b l e  2 .  D i - n e o p e n t y l  f u m a r a t e  
d o e s  n o t  u n d e r g o  a D i e l s - A l d e r  r e a c t i o n  w i t h  a n t h r a c e n e  or w i t h  t h e  
coa l .  

T h i s  r e a c t i o n  c a n  be  u s e d  a s  a n  i n t e r e s t i n g  p r o b e  o f  coal 
s t r u c t u r e  s i n c e  i t  l i m i t e d  t o  s t r u c t u r e s  c o n t a i n i n g  t h e  a n t h r a c e n e  
n u c l e u s .  The a n a l y s i s  o f  t h e  B r u c e t o n  coal u s e d  is 78 .6% C ,  5.0% H ,  
1 . 6 %  N ,  8 .3% 0 ( d i f f ) ,  1 . 2 %  S, a n d  5 . 4 %  m i n e r a l  mat te r .  F o r  e v e r y  
7 8 . 6  g o f  c a r b o n ,  18 g o f  maleic a n h y d r i d e  were added .  S i n c e  a 
minimum of 1 4  c a r b o n  atoms a re  r e q u i r e d  f o r  t h e  r e a c t i o n ,  a t  l e a s t  
3 9 %  o f  t h i s  c o a l ' s  c a r b o n  atoms are  i n  r e a c t i v e  PNA s t r u c t u r e s .  Wi th  
a n  f ( m e a s u r e d  by D r .  Ron P u g m i r e ,  Univ.  o f  U t a h )  o f  0 .73 ,  a b i t  
m o r e a t h e n  h a l f  of t h e  aromatic  c a r b o n s  must  be c o n t a i n e d  i n  r e a c t i v e  
PNA s y s t e m s .  T h i s  is a s t a r t l i n g  r e s u l t ,  and d e s e r v e s  b o t h  f u r t h e r  
c h e c k i n g  and e l a b o r a t i o n .  Work o n  t h i s  r e a c t i o n  c o n t i n u e s .  
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The n e x t  r e a c t i o n  t o  be  d i s c u s s e d  is  p y r o l y s i s  o f  a l ipf i te  and 
a b i t u m i n o u s  c o a l .  D e t a i l s  a r e  t o  be p u b l i s h e d  e l s e w h e r e  . We 
s t u d i e d  t h e  e m i s s i o n  of  v o l a t i l e  p r o d u c t s  f rom coals r a p i d l y  
p y r o l y z e d  (1000  K / S e C )  a n d  c o o l e d  (200  - 400 K/sec) on a w i r e  mesh. 
These  d a t a  were combined w i t h  measurements  o f  t h e  c r o s s - l i n k  d e n s i t y  
o f  t h e  c h a r s  by s o l v e n t  s w e l l i n g  w i t h  p y r i d i n e .  A s  shown i n  F ig .  2 ,  
t h e  c r o s s - l i n k  d e n s i t i e s  o f  t h e  c h a r s  i n c r e a s e  p a r a l l e l  w i t h  t h e  loss 
of  co and CO . With  no more e v i d e n c e  t h a n  t h i s ,  w e  c a n n o t  s a y  t h a t  
t h e  p y r o l y t i g  loss  o f  t h e  c a r b o x y l  g r o u p s  l e a d s  d i r e c t l y  t o  t h e  
f o r m a t i o n  o f  new c r o s s - l i n k s  i n  t h e  coal. The d a t a  c e r t a i n l y  a r e  
c o n s i s t e n t  w i t h  t h i s .  

The s i t u a t i o n  is v e r y  d i f f e r e n t  w i t h  t h e  b i t u m i n o u s  c o a l .  A s  
shown i n  F i g u r e  3 ,  t h e  p y r i d i n e  s w e l l i n g  d o e s  n o t  b e g i n  to  d e c r e a s e  
d u e  t o  c r o s s - l i n k  f o r m a t i o n  u n t i l  a b o u t  2/3 o f  t h e  t a r  f o r m a t i o n  h a s  
o c c u r r e d .  C r o s s  l i n k i n g  occurs a t  a l a t e  s t a g e  o f  p y r o l y s i s ,  as  must  
be t r u e  i f  a c o a l  is t o  m e l t  and form a good m e t a l l u r g i c a l  coke .  The 
measurement  of  c h a r  c r o s s - l i n k  d e n s i t i e s  makes t h e  v e r y  d i f f e r e n t  
p y r o l y s i s  b e h a v i o r  o f  l i g n i t e s  and  b i t u m i n o u s  c o a l s  v e r y  c lear  and  
a l l o w s  a q u a n t i t a t i v e  compar i son  be tween them. 

Coa l s  a r e  m a c r o m o l e c u l a r  s o l i d s ;  t h i s  h a s  l o n g  been  known. B u t  
o n l y  r e c e n t l y  h a s  t h e  s y s t e m a t i c  a p p l i c a t i o n  of  c l a s s i c a l  po lymer  
p h y s i c s  and c h e m i s t r y  t e c h n i q u e s  t o  coals o c c u r r e d .  A l l  o f  t h e  hopes  
w e  had f o r  t h e  power  and  s u c c e s s  of  t h e s e  t e c h n i q u e s  have  been  
exceeded .  W e  a r e  a v e r y  l o n g  way from a f u n d a m e n t a l  u n d e r s t a n d i n g  of 
t h e  r e l a t i o n s h i p s  be tween coal s t r u c t u r e  and r e a c t i v i t y ,  b u t  p r o g r e s s  
is b e i n g  made and t h e  p rob lem c a n  be  s o l v e d .  
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FIGURE 3. Tota l  V o l a t i l e s  Y i e l d  ( ), Tar Y i e l d  (o),  and Char Volumetric Swel l ing 

Ra t io  i n  P y r i d i n e  ( 0 )  as  a Function o f  Py ro l ys i s  Peak Temperature f o r  
Bruceton Coal 
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TABLE 1. Influence of the solvent  on the r a t e  o f  addi t ion  of maleic anhydride t o  
Bruceton coal a t  90 t 3OC 

Slopea (g h1l2)  Swelling r a t i o  Sol vent 

1,2,4-trichlorobenzene (TCB) 
o-dichlorobenzene (oDCB) 
m-dichl orobenzene (mDCB) 
p-dichlorobenzene (pDCB) 
Nitrobenzene ($NO*) 
0-xyl ene 
Dioxane 
Chlorobenzene 

0.0018 
0.0018 
0.0018 
0.0025 
0.0016 
0.0015 
0.0015 
0.0017 

1.16 
1.22 
1.42 
1.06 
1.56 
1.33 
1.62 
1.43 

aslope of a p l o t  of mass o f  coal product versus E (h)  

TABLE 2. Ratio and ex ten t  of reac t ion  of  fumarate esters w i t h  Bruceton coal 
swollen w i t h  xylene a t  200°C 

Dineophile Slope (Ag/hr’/*, X10-4) Rel. Ratea 

Dimethyl fumarate 

D i e t  hy 1 fumarate 

Di -n-hexyl fumarate 

22 

25 

32 

1 

0.95 

0.73 

Diphenyl fumarate 36 0.87 

Dineopentyl fumarate 0 0 

Maleic Anhydride 80 5.3 

aNormalized t o  a moles hr-’l2 bas is .  All reac t ions  a r e  d i f fus ion  cont ro l led  
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DETERMINATION OF ORGANIC SULFUR-CONTAINING STRUCTURES I N  COAL BY FLASH 
PYROLYSIS EXPERIMENTS 1 

Wil l i am H. C a l k i n s  

C e n t r a l  R e s e a r c h  and  Development Depar tment  
E x p e r i m e n t a l  S t a t i o n  

E .  I .  du Pont  de Nemours h Company 
Wilmington ,  Delaware  19898 

I n t r o d u c t i o n  

The s u l f u r  i n  c o a l  e x i s t s  as  b o t h  o r g a n i c  and  
forms.  The i n o r a a n i c  f o r m s  are p r e d o m i n a n t l y  i r o n  D v r  

i n o r a a n i c  _ _  t e ,  i l t h o u g  1 
o t h e r  metal (syff$?s a n d  s u l f a t e s  s u c h  as gypsum may a l s o  be p r e s e n t .  
ASTM tes t s  allow u s  t o  d e t e r m i n e  t h e  t o t a l  s u l f u r  content of  
coals and t h e  i n o r g a n i c  s u l f u r  fo rms  p r e s e n t .  The t o t a l  s u l f u r  i n  
o r g a n i c  s t r u c t u r e s  i s  u s u a l l y  d e t e r m i n e d  by d i f f e r e n c e ,  a l t h o u g h  
e l e c t r o n  m i c r o p r o b e  c a n  be used  t o  d e t e r m i n e  i t  d i r e c t l y .  

D e s p i t e  its i m p o r t a n c e ,  t h e r e  is  only l i m i t e d  i n f o r m a t i o n  i n  
t h e  l i t e r a t u r e  o n  the c h e m i y f l  s r c ures o f  s u l f u r  i n  t h e  o r g a n i c  
components  o f  c o a l .  A t t a r  # 2 p 5 , ' t 5  h a s  d e v e l o p e d  a n  i n t e r e s t i n g  
approach  t o  d e t e r m i n i n g  t h e  o r g a n i c  c h e m i c a l  s t r u c t u r e s  o f  s u l f u r  i n  
coals by t h e  programmed t e m p e r a t u r e  r e d u c t i o n  t o  H S .  D i s c r e t e  H s 
p e a k s  a r e  d e t e c t e d  a t  v a r i o u s  t e m p e r a t u r e s  which p3esumably  come gram 
d i f f e r e n t  s u l f u r  e n t i t i e s .  However, r e c o v e r y  of  t h e  s u l f u r  been  
l o w  and  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  is d i f f i c u l t .  LaCount)y*7 h a s  
d e v e l o p e d  a s i m i l a r  a p p r o a c h  b a s e d  o n  t h e  programmed t e m p e r a t u r e  
o x i d a t i o n  t o  S O 2 . ,  S O  
a s s i g m e n t  t o  particular s u l f u r  structures is  d i f f i c u l t  and  u n c e r t a i n .  

i n d e p e n d e n t  and  new i n s i g h t  i n t o  c o a l  s u l f u r  s t r u c t u r e s  t h a t  t h i s  
r e s e a r c h  w a s  u n d e r t a k e n ,  

P r e l i m i n a r y  E x p e r i m e n t s  

p e a k s  are o b t a i n e d  a t  s p e c i f i c  t e m p e r a t u r e s  b u t  

I t  w a s  t o  see w h e t h e r  f l a s h  p y r o l y s i s  would p r o v i d e  a n  

Pyroprobe  P y r o l y s i s  

To  i d e n t i f y  p y r o l y s i s  p r o d u c t s  which m i g h t  be e x p e  d from a 763 more c o n t r o l l e d  p y r o l y s i s  of h i g h  s u l f u r  c o a l s ,  a P y r o p r o b e  
programmed t e m p e r a t u r e  s o l i d s  p y r o l y z e r  was c o n n e c t e d  to a GC/MS 
s p e c t r o m e t e r  ( a  V a r i a n  3700 g a s  c h r o  a t o g r a p h  w i t h  DB-5 column 
P r o g r a m e d  f rom 6O-23O0C a t  6OC min-' c o u p l e d  t o  a Micromass  16 mass 
s p e c t r o m e t e r .  A p p r o x i m a t e l y  0.5 mg o f  coal was i n s e r t e d  i n t o  a 1 mm 
t h i n  walled q u a r t z  t u b e  a n d  h e l d  i n  p l a c e  w i t h  p l u g s  of  q u a r t z  wool. 
The t u b e  was i n s e r t e d  i n  t h e  p y r o p r o b e  and  t h e  t e m p e r a t u r e  programmed 
from 250 t o  1000°C a t  2 0 ° C / m i l l i s e c .  The r e s u l t i n g  mass p a t t e r n s  were 
r e s o l v e d  t o  i d e n t i f y  t h e  v o l a t i l e  s u l f u r  compounds.  T h e i r  y i e l d s  were 
d e t e r m i n e d  a s  a r e a  percent of  t o t a l  v o l a t i l e s  a r e a .  R e s u l t s  f o r  one  
h i g h  s u l f u r  c o a l  - P i t t s b u r g h  8-RsP - a s  t h e  raw coal and  as  c o a l  w i t h  
most of t h e  p y r i t e  removed a r e  shown i n  T a b l e  1. 
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It can be seen by examination of Table 1 that a number of 
I 
i 

i 
volatile or gaseous sulfur compounds are formed including H2S, COS, 
CSz, CH3SH, and SO . 
thiophene, thianapAthene, and dibenzothiophene and most of the 
possible methyl derivatives of these three heterocyclic compounds are 
observed. No doubt many higher molecular weight heterocyclic 
compounds are formed which do not reach the mass spectrometer 

In addition, many thiophenic compounds including 

detector. 

Removal of the mineral matter including the pyrite apparent 
reduces the so , cs2 and COS eormed. 
products from $he raw and low pyrite coals are qualitatively similar 

With those exceptions, the 

Solvent Extraction 

Y 

To determine whether the sulfur species in coal are 
extractable or chemically bound into the coal structure, batch 
extraction experiments were carried out with four different solvents 
representing a range of solubility parameters (9.5-11.75). The 

I extractions were run in 10 ml Hastalloy shaker tubes containing metal 
I mesh baskets on the top sections to contain the coal. With solvent in 

the bottom section, the extractions were run at 100°C for 4 hours with 
vertical shaking. The results are shown in Table 2. 

extracts, only a small fraction of the sulfur in the coal is solvent 
extractable. 

I 

I 

As can be seen in the table, based on sulfur contents of the 

Constant Temperature Flash Pyrolysis 

A number of coals were pyrolyzed in the continous flash 
pyrolysis equipment shown in Figure 1. A Sigma 38 Perkin Elmer gas 
chromatograph equipped with a 3-column system and flame photometric 
sulfur detector provided sensitive analyses Cor the volatile sulfur 
products of coal pyrolysis. 

The coal particles are entrained into the nitrogen stream in 
the feeder and carried over into the fluidized sand bed at the flash 
pyrolysis temperature. The coal pyrolyses in tire sand bed and the 
volatile products are carried out of the reactor through a cellulosic 
thimble filter and much of the light char formed is entrained in the 
exit gas and carried into the filter also. Depending on the coal 
type, some of the coal is converted to coke in a process, gotng 
through a fluid or soft stage which remains on the sand particles or 
adhering to the reactor walls. Many of the high sulfur coals of 

tends to make thc sand particles adhere to each other. This creates 
problems in running the pyrolysis experiment by defluidizing the sand 

makes long pyrolysis runs difficult or impossible, in most cases, 
conditions can be used to provide adequate run life to get valid and 
useful data. 

itself among the various pyrolysis products. N o t  surprisingly, this 
depends upon the rank and sulfur components of the coal as well as the 
pyrolysis conditions. Table 3 shows the distribution of pyrolysis 

1 particular interest in this study are so called "caking coals" which 

i 
I bed and plugging the inlet system to the reactor. While this often 

I It is of interest to know how the sulfur in coal distributes 

f 
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products and sulfur containing products (as Sulfur) of a typical high 
sulfur bituminous coal and a low Sulfur lignite at 85OoC. It will be 
noted that material recovery is good, despite the small amount of coal 
pyrolyzed. sulfur recovery from the caking bituminous coal, however, 
is not as good. The pyrolysis products Coat the reactor system and 
cannot be recovered €or sulfur analysis. Also much of the coke 
remains on the sand and relatively large amounts of sand have to be 
analyzed for low levels of sulfur with some loss in accuracy. 

the pyrolysis temperature) appears in the gaseous products as H2Sl 
CS2, COS, and SO . 
char, and coke, arobably as stable thiophenic sulfur which remains in 
the coal structure or is released as heterocyclic compounds in the 
tar. 

Twenty-five to 50% of the sulfur in the coal (depending on 

The remainder of.the sulfur appears in the tar, 

Preliminary Conclusions 

One can surmise from these preliminary results that the 
organic sulfur in coal is largely chemically bound in the 
macromolecular structure of the coal, in part as labile, probably 
pendent, sulfur-containing side chains, and partly as heteroatoms in 
clusters of aromatic rings (thiophenic). Decomposition of the pendent 
groups probably accounts for much or all of the gaseous sulfur 
compounds ( H 2 s !  COS, CS and CH S H ) .  
heterocyclic rings are gtable a2 the temperatures used, but are partly 
broken away from the coal structures by rupture of other weaker 
carbon-carbon bonds: attaching these rings in the coal. 

Continuous Flash Pyrolysis 

Pyrolysis of Coal 

The sulfur structures in the 

To use pyrolysis to study the sulfur constituents of coal, it 
is necessary to know what sulfur containing products are produced and 
also what components in the coal are breaking down to produce them. 
The literature provides some clues as to the origins of some of these 
products: 

When pyrite i9)pyrolyzed at temperatures of 55Ooc or higher, the 
initial breakdown products are sulfur and pyrrhotite (FeS). 

55OoC 
Fe S2 >-} Fe s + s 

When the pyrite is in coal, the sulfur produced can react with 
hydrogen containing.components of the coal (probably alkyl or 
hydroaromatic units) to form H2s 

S + (Coal H) H 2 s  + (Coal) ( 2 )  

Sulfur can also react with the coal mfa654y to form stable 

At temperatures over 8OO0C, a significant amount of the H2S Or 

non-volatile products in the coal or coke 

sulfur reacts with the coal to form carbon disulfide. 



Similar reactions are observed when H2s is reacted with methane, 

CH4 + H2S .-> CS2 + 4H2 ( 4 )  

and since methane is produced in coal pyrolysis, this reaction may be 
a major route by which cs2 is formed. 
temperature the larger the proportion of H2S is converted to CS2. 

formed. Since COS is formed by reaction of CO and elemental sulfur, 
and substantial amounts of CO are formed on coal pyrolysis, it is 
likely that some sulfur formed by pyrite pyrolysis reacts with CO to 
form cos. 

The higher the pyrolysis 

In most coal pyrolyses, a small amount of carbonyl sulfide is 

co + s -> cos ( 5 )  

It will be noted that when pyrite is low, the amount of COS 

COS is also produced by pyrolysis of organic sulfoxides. 

Some coals contain small amounts of sulfur as sulfates, although 

produced is also small. 

However, these appear to be low or absent in most coals. 

most of the sulfur in coal is in the reduced state. If these 
inorganic sulfates in coal are pyrolyzed in the presence of coal 
containing pyrite, SO2 is formed. While the stoichiometry of this 
reaction has not been adequately demonstrated, it appears that the 
following reaction or something similar to it is going on. 

CaSO4 + FeS2 + H20 j CaO + FeS + 2S02  + H2 (6) 

so is also formed in pyrolysis of organic sulfones. but these 

Pyroprobe pyrolysis of coal shows formation of small amounts of 

appear 80 be very low or absent in most coals. 

methyl mercaptan, and model compounds containing -SCH3 groups 
pyrolyzed at low temperatures (60OoC and lower) do form methyl 
mercaptan. However, little of this compound is observed in our 
continuous coal pyrolysis experiments. 

Pyrolysis of Model Sulfur Compounds 

To learn the behavior of the various types of organic sulfur 
structures in pyrolysis, a series of solutions of low molecular weight 
sulfur compounds was prepared in benzene at concentrations roughly 
approximating the organic sulfur content in high sulfur coals. Using 
a precise piston pump and vaporizer, these compounds were introduced 
into the pyrolyzer at rates roughly comparable to the rates used in 
pyrolyzing coal. Pyrolysis temperatures of 600, 700, 800, 850, 900 
and 95OoC were used. 
the various temperatures. Figure 2 shows conversion of some of these 
compounds at various temperatures. This shows that aliphatic and 
benzylic sulfides, mercaptans and disulfides split out HZS at rela- 
tively low temperatures ( 600-8OO0C). 
require 900°C to give high conversions to H2S and CS2. The three 
major thiophenic compounds, thiophene, thianaphthene, and dibenzo- 
thiophene show only a relatively low Conversion even at 950°C. 
provides a basis for differentiating between sulfur types in coal. 

Some 16 model sulfur compounds were pyrolyzed at 

Aromatic sulfides and mercaptans 

This 
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However, this assumes that the sulfur compounds in coal 
behave similarly to the model compounds investigated. There is no 
obvious way to show whether this is true or not. It was reasoned, 
however, that a polymeric sulfide would more nearly approximate the 
organic sulfur containing structures in coal. To test this, 
approximately 5% of Aldrich polyphenylene sulfide (10,000 mol wt) was 
added to anthracite and epoxy resin, cured, ground, sieved and fed to 
the pyrolyzer at 900, 910 and 92OoC. 
from this sample suggests that polymeric aromatic sulfides are perhaps 
slightly more stable than the corresponding monomeric sulfur compounds 
although not greatly different. 

In continously pyrOlyZing coal or model sulfur compounds it 
is important to establish a steady state condition with respect to all 
the pyrolysis products before meaningful results can be obtained. 
There appears to be a great difference between the various pyrolysis 
products in the rate at which this steady state is achieved. Cos and 
CS tend to level out quite rapidly after a steady coal feed rate is 
acdieved; HZS, on the other hand, is quite slow. 
to chemi or physisorption on the walls of the system. Since H2S is 
the largest single sulfur product of coal pyrolysis, it is extremely 
important that sufficient time be allowed to attain a steady state. 

Yields of pyrolysis products 

This is probably due 

Pyrolysis of a Typical High Sulfur Bituminous Coal 

A raw Pittsburgh 8 RhF coal was pyrolyzed at 600, 715, 850, 
900, 925, 950, 975 and 1000°C. The principal product was H S at all 
temperatures but over 850°C,  CS 
Small amounts of COS were also Pormed at all temperatures. Unlqke the 
pyrolysis in the pyroprobe and the pyrolysis of such model compounds 
as thiocresol at 6OO0C, no methylmercaptan was observed even at 60OOC. 

Figure 3 shows a plot oE combined sulfur yield as COS, HZS, 

is formed at the expense o$ H S. 

and cs2 vs. pyrolysis temperature. It also shows individual yields of 
H2S, and CS2 vs. pyrolysis temperature. oIt is to be noted that sulfur 
yield appears to level off at 775 to 900 C and then drops precipi- 
tously. 
that, the H2S starts to drop as CS2 is formed. 

Also, H2S is by far the major product up to 8OO0C but above 

vo 
It 

The drop above 9OO0C in the amount O E  total sulfur 
latilized raises a number of questions concerning what is occuring. 
does not appear to occur in the pyrolysis of the low molecular 

weight model compounds. To make sure the drop when coal is pyrolyzed 
was not associated with H2s absorption of basic components in the coal 
mineral matter, the same coal was boiled with dilute HCl, washed with 
distilled water and dried. Pyrolysis of that coal at 1000°C gave 
roughly equivalent results as the untreated raw coal. 

There is evidence in the literature that H s 

Energetically, for this reaction to occur at such high temperatures, 
the product must be very thermally stable. It also raises the 
question whether this reaction consuming H2S is affecting our results 
at 900°C. Table 4 shows the rate constants (ass'uming first order 
kinetics) for the high temperature reaction at various temperatures 
and Figure 4 is an Arrhenius plot of these data. The activation 
energy Of 56 kcal suggests that chemical bonds are being made or 
broken. The data also indicates that the H2S consuming reaction is 

can react with coal or coal char at high temperatures 2 Vi,iybfur 
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very slow indeed at 90Ooc and not likely to ip$Trfere significantly 
with the 900°C pyrolysis measurements. has observed this H S 
absorption phenomenon and explains it as reaction of the H2S with coze 
or char to form thiophenic structures. 

Attar 

This is consistent with the known high stab: ity of the 
thiophenic structures and the fairly high activation energy we 
observe. 

Pyrite 

While pyrolysis appears to be a promising approach to 
determining the composition of the organic sulfur components in coal, 
the presence of iron pyrite in such large amounts as are present in 
high sulfur coals, presents a serious problem as mentioned previously. 
Pyrite, like organic sulfur compounds, when pyrolyzed in the presence 
of coal also produces H2S at temperatures around the decomposition 
temperature of pyrite (around 55OoC) and H S and Cs 
temperatures (over 850-9OO0C) An e€fort was therefdre made to remove 
the pyrite and other inorganic sulfur from the coal ground to 1p size, 
before the pyrolysis studies were carried out. However, even with 
combinations of both sink/float and the Otisca solvent agglomeration 
processes, about 10% of the original pyrite remained in the coal as 
indicated by iron analysis (atomic absorption). The reason for the 
diPficulty in pyrite removal became apparent when STEM Scanning 
Transmission Electron micrographs were made of the €ice particles 
after pyrite "removal". They showed pyrite particles in the range of 
0.1 to 0 . 6 ~  size inside the coal particles. These could not be 
removed from the coal unless it was ground much finer than l p .  

at higher 

It was decided, therefore, for pyrolysis studies to prepare 
each coal with several known different pyrite concentrations by 
partial pyrite removal. The pyrolysis results would then be extra- 
polated to zero pyrite concentration. 

containing various levels of pyrite was pyrolyzed in the pyrolyzer 
(Figure 1 ) .  The sum of the yields of COS, H2S, and cs at 600, 775, 
850 and 900°C are plotted against actual pyrite concenzration i n  
Figure 5. There is a fair amount of scatter in the data. This 
scatter is due in part to variations in gas rate and coal feed rate 
and in determining the pyrite concentration. However, a set of 
reasonably straight lines is defined which can be extrapolated to 0 
pyrite concentration. Some conclusions can be drawn from these data. 
1 )  There is little 8 r  no difference in the data obtained at 775OC and 
that obtained at 850 C, suggesting that all the aliphatic sulfur 
compounds are broken down by 775OC and either the aromatic sulfur 
specie are low in concentration or have not yet started to break down 
at 8508c. 2 )  There is only a relatively small difference between the 
9OO0C line and the 775OC and 85OoC line, supporting the idea that the 
aromatic sulfur compounds are very low in concentration. 3) The 
slope of the 6OO0C line is about 0 . 2 1  gram sulfur/gram of pyritic 

A series of five (5) samples of Pittsburgh 8 RSF coal 
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sulfur which is considerably under the theoretical value of 0 . 5  for 
the breakdown of pyrite to pyrrhotite. 4 )  In the 775-9OO0C 
temperature range, the slope increases to around 0.27-0 .30 .  
Apparently about 54 to 60% of the Sulfur liberated in the pyrlte 
pyrolysis reacts with the coal matrix at those temperatures to form 
H s. The rest forms COS or is tra ped in the coal or coke structure. 
55 
represents approximately 40% of the total organic sulfur in the coal 
as aliphatic sulfur. 
representing an additional approximately 1% as aromatic sulfur. 
Presumably, the remaining 59% of organic sulfur is thiophenic or 
stable sulfur compounds of some kind. 

coal was due to the basicity of some mineral matter. If the mineral 
matter of the coal contains a significant amount of basic material, it 
may absorb some of the sulfur containing acid gases (H S, SO2) 
produced in pyrolysis and thereby prevent them from enzering the 
analytical system. Acid treating of the coal, however, resulted in 
only slight increase in the H2s produced on pyrolysis of the 
bituminous coals tested. The acid washed lignite gave approximately 
20% higher sulfur volatile yield, however, than the untreated. 

The intercept of this 775-850 C line occurs at 0.82% sulfur which 

The 900°C intercept occurs at about 0.83% sulfur 

Another problem associated with the mineral matter of the 

Pyrolysis of 3 Additional High Sulfur Coals 

Three additional high sulfur coals were prepared at two or 
three pyrite concentrations each. These were pyrolyzed at two 
temperatures - 775OC and 900°C. 
most of the aliphatic and most of the aromatic sulfur compounds should 
be broken down, respectively. Little or none of the thiophenic 
compounds should be affected at those temperatures. 

The resu,lts of these pyrolyses are plotted in Figure 6. It 
will be noted that as was the case with Pittsburgh 8 RSF, the 77S0C 
and 900°C lines are very close together indicating very little (only 
1-4%) aromatic sulfur compounds present. However, ir. each case, a 
substantial portion ( 3 0 - 4 0 8 )  of the organic sulfur is aliphatic 
sulfur. The rest is assumed to be thiophenic. 

sulfur/gram of pyritic sulfur suggesting that this slope can be used 
in future determinations with other coals. 

They represent temperatures at which 

The slopes of the 900°C lines were approximately 0 . 2 7  gms of 

Organic Structures Containing Sulfur in Coals of Various Ranks 

Distribution of Sulfur Types 

Four additional coals of various ranks were pyrolyzed and the 
zero pyrite point estimated using the slope of . 2 7 .  An estimate of 
the distribution oE organic sulfur types in 8 different coals is shown 
in Table 5 .  This of course assumes that all sulfur compounds obtained 
on pyrolysis at 775-85OoC or lower is aliphatic mercaptan or sulfide, 
and that sulEur compounds obtained from 850-900°C are aromatic 
mercaptans or sulfides. Organic sulfur structures not pyrolyzing at 
900°C or lower are assumed to be primarily thiophenic. 
assumptions are challengeable as mentioned previously on rhe basis 
that sulfur in a macromolecular structure such as coal may behave 

These 
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differently than model compounds on pyrolysis and that substituents of 
various types in coal may activate or deactivate the sulfur structures 
so that they pyrolyze somewhat differently. Nevertheless, these 
results do suggest that the organic sulfur in coal is mainly aliphatic 
and thiophenic. Low rank coals appear to have higher proportions of 
aliphatic sulfur and as rank increases, the thiophenic proportions 
increase. 

Thioethers or Mercaptans? 

This pyrolysis method does not distinguish between mercaptans 
and thioethers. In an effort to determine whether the sulfur is 
mercaptan, thioether, or both, ap. independent analytical method was 
resorted to. This method, first tried by Russian workers, 
the reaction of methyliodide with mercaptans and thioethersff6, “P 7.On 

+ 
RSR’ t CH31 ------ RSR’I- ( 8 )  

RSH + CH31 ------ RSCH3 + HI ( 9 )  

If there is mercaptan present, some titratable acid should be 
formed. If there is thioether present, iodide should remain in the 
coal and could be determined quantitatively. The results of this test 
on three high sulfur coals are shown in Table 6. While this reaction 
does not appear to be highly reproducible or quantitative, it does 
indicate that a significant amount of the organic sulfur in coal is 
present as thioether and there is little if any sulfur present as free 
mercaptan. 

These experiments together with the pyrolysis runs, suggests 
that the sulfur in coal is present as aliphatic thioether side chains 
and as heteroatoms in the aromatic ring clusters. 

Estimate of Pyrolysis Rates 

The degradation rates of the model compounds studied were 
obviously quite high since almost complete conversion of the aliphatic 
sulfur compounds was obtained at 775OC and of the aromatic sulfur 
compounds at 900°C and the nominal hold-up time of about 0.5 seconds. 
With high sulfur coals, however, the coal melts and much oE it remains 
as coke on the sand particles. Do the sulfur groups in the coal 
pyrolyze as fast as the model compounds did or do they break down more 
slowly? This would provide a clue as to whether the sulfur compounds 
in coal do behave like their low molecular weight models. 

pyrolyzed at 900°C and 775OC by feeding the coal to the pyrolyzer at 
those temperatures until a steady state rate of H S, CS2 and COS 
evolution was observed as had been seen previouslj. 
was then stopped suddenly and the evolution of H S, CS2 and COS 
evolved determined at one minute intervals. 
evolution of these compounds dropped abruptly with little or nothing 
observed even at the first minute. 

To try to answer this question, Pittsburgh 8 RLF coal was 

The coal input 

In 30th experiments, the 
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A s i m i l a r  t es t  r u n  a t  700°C when t h e  a l i p h a t i c  s u l f u r  
breakdown s h o u l d  b e  slower, showed r o u g h l y  a t h i r d  o f  t h e  s t e a d y  s t a t e  
H 2 s  coming o f €  a € t e r  o n e  m i n u t e  and Small amoun t s  of CS The 
s a m p l e  t a k e n  a t  two m i n u t e s  show none of t h e s e  compound$. 

compounds i n  c o a l  b r e a k  down a t  r a t e s  s i m i l a r  t o  t h o s e  o f  t h e  model  
compounds. 
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Table ? 

I 

PYROPROBE GCIMS ANALYSIS O f  
PITTSBURGH 8-R & F HIGH SULFUR COAL 

(% of Total Area) 

H2S 

so2 
cs2 

cos 
CH3SH 

Thiophene 
Methylthiophene-1 
Methylthiophene- 2 
Dimethylthiophene-1 
Dimethylthiophene-2 
Dimethylthiophene3 
Dimethylthiophene- 4 
Trimethylthiophene-1 
Trimethylthiophene- 2 
Tetramethylthiophene 
Benzothiophene 

- Raw 90% of Pyrite Removed 
3.03 
0.48 
0.32 
2.13 
0.27 
0.25 
0.34 
0.23 
0.49 
0.47 
0.38 
0.07 
0.19 
0.22 
I ow 
0.29 

Methyl benzothiophene-1 0.06 
Methylbenzothiophene- 2 0.13 
Methylbenzothiophene- 3 0.20 
Methyl benzothiophene- 4 0.15 
Methylbenzothiophene- 5 0.17 
Methylbenzothiophene- 6 ? 
Dimethylbenzothiophene-1 0.1 1 
Dimethylbenzothiophene- 2 0.06 
Dimethyl benzoth iophene- 3 0.12 
Dimethyl benzoth iophene- 4 0.07 
Dimethylbenzothiophene- 5 0.05 
Dimethylbenzothiophene- 6 0.07 
Dimethylbenzothiophene- 7 0.05 
Dimethylbenzothiophene- 8 0.05 
Dimethylbenzothiophene- 9 0.03 
Di benzothiophene 0.08 

'Number does not denote chemical structure but an 
arbitrarily assigned isomer number. 

4.83 
0.31 
0.34 
0.02 
0.06 
0.22 
0.23 
0.10 
0.46 
0.38 
0.24 
0.05 
0.10 
0.16 
0.04 
0.24 
0.04 
0.15 
0.19 
0.14 
0.12 
0.02 
0.1 1 
0.05 
0.14 
0.10 
0.04 
0.08 
0.04 
0.03 
0.02 
+ 
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Table 2 

SOLVENT EXTRACTION OF COALS 

Pittsburgh 8-R 81 F 200 mesh (4.65% S) 
10O0C/4 h n  wlshaking 

%S in Extract % of S Extracted 

Acetonitrile 0.10 4.7 

Pyridine 0.09 4.3 

Ethylenediamine 0.07 3.3 

Tetrahydrofuran 0.33 14.2 

Table 3 

COAL PYROLYSIS PROOUCTS 
MATERIAL AND SULFUR BALANCES 

850' C 
Pittsburgh 8 R & F 

Wt% Sulfur Wt % Sulfur 

Gas 21.8 49.5 36.3 48.4 
Tar 11.9 7.3 5.5 8.8 
Char 6.4 1.7 31.1 31.4 

Alcoa Texas Lignite 
% of the %of  the -- - -  

On Sand 81 Reactor 43 .O 24.5 29.1 1.3 
Trap Head 6.5 ? .o 1 

TOTAL 
- -  
89.6 81.1 

-- 
101.7 90.0 
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Table 4 

Alcoa Texas 
Lignite 
(Wilcox) 

Emery (Utah) 

Pi t t s  bu rg h 
8-Shoemaker 

Pittsburgh 

Pittsburgh 
8-McElroy 

Ohio 9-Egypt 
Valley 

Illinois 6- 
Burning Star 

Anthracite - 
Lehigh Valley 

8-R  & F 

RATE CONSTANTS FOR 
HIGH TEMPERATURE ABSORPTION OF HzS 

(Assumes First Order Kinetics) 

Temperature O C  

900 
925 
950 
975 

1000 

Rate Constant (Sec-') 

ca 0 

.167 

.497 

.801 
1.233 

Table 5 

ORGANIC SULFUR SPECIES IN COALS STUDIED 

% of Organic Sulfur 

Total 
Sulfur 
wt % 

1.30 

1.19 

4.00 

4.85 

5.47 

2.49 

3.24 

0.90 

Organic Aliphatic 
Sulfur Sulfides & 
w t %  Mercaptans 

.73 82 

0.57 61 
1.36 53 

1.63 49 

1.58 49 

1.46 44 

2.04 39 

0.6 0 

More 
Internally 

Aromatic Stable Types 
Sulfides & (Thiophenic) 
Mercaptans (By Diff.) BTU 

<1 18 10,555 

1-2 39 12,710 
<1 46 12,991 

1-2 49 12,156 

<2 49 13,098 

<1 55 13,175 

2 59 12,165 

0 100 14,245 
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Table 6 

THIOETHER AND MERCAPTAN GROUPS 
IN HIGH SULFUR COALS 

(By Reaction with CH3I) 

Pittsburgh 8-R 81 F 

Pittsburgh 8-Shoemaker 

Illinois 6-Burning Star 

% Organic Sulfur % of Organic Sulfur 
As RSR' As RSH -- 

1.63 33.0 4.3 

1.40 30.4 2.5 

2.04 22.4 4.9 

Pigurc 1 

Sized 
Cool 

Fluidizing . 
N2 

Cold Trol 
Fluidizing N2 

Fluidized Bed Pyrotyzer 

4 To GC Anolysis 
6 We1 Terl 
Meler 

4 6 2  
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Figure 6 

VOLATILE SULNR YEIDS va PYRITE CONCENTRATm 

\ 

PYROLYSIS OF PllTsBuc(GH 8 - SHOEMAKER 
3 

1.4 - 

.6 - 

.2 ' 
1 .o 2.0 3.0 

Pyrito Concontration (Wt  % MF aa Sulfur) 

i 

465 



THE EFFECTS OF PYROLYSIS COWDITIONS AND COAL TYPE 
ON THE NATURE OF WATER-SOLUBLE ORGANIC EFFLUENTS 

Scot t  F. Ross and Gwen M. Schelkoph 

U n i v e r s i t y  o f  Nor th Dakota Energy Research Center 
Box 8213, U n i v e r s i t y  S ta t i on  

Grand Forks, Nor th Dakota 58202 

Abs t rac t  

The e f f e c t s  o f  p y r o l y s i s  condi t ions arid coal type on the nature o f  water-soluble 
organic e f f l u e n t s  have been inves t i ga ted  using a small p y r o l y s i s  reac to r  w i t h  a helium 
atmosphere a t  ambient pressure and a sample s i ze  o f  f i v e  grams. The reac to r  i s  capable 
o f  a maximun heat ing r a t e  o f  45'C/min and a maximun furnace temperature o f  l l O O ° C .  
Var iab les examined inc lude:  1) p a r t i c l e  size, 2) maximum temperature, 3)  t ime  a t  
temperature, and 4) hea t ing  rate. Six coals  of various rank were invest igated.  I n  
add i t i on ,  t h r e e  l i t h o t y p e s  o f  t h e  same coal  were examined. 

I n t r o d u c t i o n  

The treatment and removal of water-so lub le organic e f f l u e n t s  from wastewater i s  an 
important issue fac ing  coal g a s i f i c a t i o n  technology. The extent  o f  treatment i s  
governed by t h e  reuse o r  environmental ly acceptable d isposal  o f  t h e  wastewater. 
Downstream e f f l uen t  treatment i s  a lso dependent on the nature and q u a n t i t y  o f  t a r s  and 
water-soluble organics which are produced by p y r o l y s i s  and d e v o l a t i l i z a t i o n  reactions 
i n  the upper p o r t i o n  o f  t h e  g a s i f i e r .  It i s  des i rab le  t o  develop a l abo ra to ry  t e s t  t o  
s imulate t h e  product ion o f  water-soluble organic e f f l u e n t s  from a g a s i f i e r ,  thereby 
e l i m i n a t i n g  expensive p i l o t  p lan t  tests .  Such a t e s t  would a l l ow  f o r  t he  p r e d i c t i o n  o f  
waste composit ion fran s p e c i f i c  coals  a t  a v a r i e t y  o f  operat ing condit ions. 

Experimental 

A l abo ra to ry  sca le  t u b u l a r  reac to r  was const ructed which a l lows f o r  t he  py ro l ys i s  
of up t o  f i v e  grams o f  coal i n  an i n e r t  atmosphere. A Lindbergh s p l i t - t y p e  furnace 
w i t h  a maximum temperature o f  1100°C and programmable heat ing r a t e  o f  5OC/min. t o  
45"C/min. has been used for  heating. A l i q u i d  n i t rogen  cooled t r a p  i s  used f o r  the 
c o l l e c t i o n  of water-so lub le organic  e f f l uen ts .  A f t e r  completion o f  the experiment the 
t r a p  i s  allowed t o  warm t o  above 0°C and t h e  water-soluble organics analyzed by gas 
chranatography (1). The s i x  coa ls  used i n  t h i s  study w i t h  t h e i r  proximate and u l t ima te  
analyses are l i s t e d  i n  Table I. 
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i Table I. Coal Sample Bank Analysis f o r  S i x  Coals. 

I nd ian  Head 
/ 

Proximate Analysis, 
I- as rec'd; % by wt. 

Gascoyne 
81 ue Rosebud 

I1  1 i n o i s  
Center Sufco Sean No.6 -- 

Moisture 
Vol a t  i 1 e matfer 
Fixed carbon 
Ash 

U1 t imate Analys is  
maf; Z by wt. 

Hydrogen 
Carbon 
Ni t rogen 
Sul f up* 
Oxygen 

Rank 

34.0 
27.4 
33.8 
4.8 

4.18 
72.03 

1.05 
0.62 

22.13 

Lig. 

32.2 25.0 
34.2 28.6 
17.6 39.2 
6.0 7.1 

5.69 5.11 
59.77 76-27 .. . -  

0.92 1.28 
1.49 0.93 

32.12 16.37 

34.7 9.6 2.9 
28.1 33.9 37.3 
31.7 48.0 48.6 
5.5 8.5 11.2 

4.51 5.25 5.54 
69.97 79.20 77.19 

1.24 1.43 1.61 
1.27 0.51 4.59 

23.01 13.61 11.08 

L ig .  Subbit. Lig. B i t .  B i t .  

*By di f ference.  

Results and Discussion 

Effect of  Coal Type on the Nature of  Water-Soluble Organic Effluents 

To develop a c o r r e l a t i o n  between water-soluble organic e f f l u e n t  y i e l d s  and coal 
type, s i x  d i f f e r e n t  coa ls  were pyrolyzed i n  t h e  m a l l  p y r o l y s i s  reac to r  (SPR) under 
i d e n t i c a l  condi t ions.  The p y r o l y s i s  cond i t i ons  used were a heat ing r a t e  o f  45"C/min., 
a maximum temperature o f  850°C, h e l i u n  atmosphere, -60 mesh p a r t i c l e  size, and a sample 
s i z e  o f  approximately 5 grams. The data (Table 11) i n d i c a t e  water-soluble organic 
e f f l u e n t  y i e l d s  t o  be dependent on coal type, w i t h  a l l  products showing s i g n i f i c a n t  
va r ia t i on .  
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Table 11. Y ie lds o f  Water-Soluble Organic E f f l uen ts  f o r  a Var ie ty  o f  Coal Types.* 

Gascoyne 
Compound I n d i a n  Head B1 ue Rosebud 

Methanol 1490 730 40 
Acetone 1420 1600 930 
A c e t o n i t r i l e  230 220 180 
2-Butanone 400 510 320 

Phenol 2300 2900 3000 
o-Cresol 5 10 590 850 
p-Cresol 760 1080 1290 
m- Cre sol 710 910 1290 

P r o p i o n i t r i  l e  130 230 90 

Center 

1700 
1480 
280 
440 
370 

3440 
780 

1360 
1400 

I1  1 i n o i s  
Sufco Seam No. 6 - 

10 40 
750 500 
100 140 
250 120 
50 40 

920 1720 
390 740 
400 950 
510 1190 

*Yie lds are repor ted i n  micrograms/g maf coal. 

E f f e c t  o f  L i t h o t y p e  Composition on the  Y ie lds  o f  Uater-Soluble Organic E f f l u e n t s  

Several small p y r o l y s i s  r e a c t o r  runs were performed using durain, fusa in,  and 
v i t r a i n  l i t h o t y p e s  from Beulah high-sodium (ND) l i g n i t e .  The p y r o l y s i s  condi t ions used 
were: a heat ing r a t e  o f  45"C/min., f i n a l  temperature o f  85OoC, h e l i u n  atmosphere and a 
sample s ize o f  approximately f i v e  grams. The data (Table 111) reveal  l i t h o t y p e -  
s p e c i f i c  v a r i a t i o n  f o r  most compounds, w i t h  the  greatest  va r ia t i ons  i n  y i e l d s  being f o r  
methanol, acetone, phenol, c reso ls ,  and catechol. The v i t r a i n  l i t h o t y p e  produced 
near l y  th ree  t imes the  amount o f  t o t a l  p y r o l y s i s  products as t h e  du ra in  l i t h o t y p e ,  
suggesting t h a t  p e t r o l o g i c  ana lys i s  o f  coal samples might be usefu l  i n  p r e d i c t i n g  
wastewater composition. These r e s u l t s  a l so  suggest t h a t  pe t ro log i c  va r ia t i ons  w i th in  a 
seam might produce s i g n i f i c a n t  v a r i a t i o n s  i n  wastewater composit ion as coal mined frm 
d i f f e r e n t  pa r t s  o f  t h e  same seam i s  gas i f i ed .  

Table 111. Yields o f  Water-Soluble Organic E f f l uen ts  f o r  Three Lithotypes.* 

Compound V i t r a i n  Durain Fusai n 

Methanol 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
Propion i  t r i l e  
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 
Catechol 

2680 
1910 
280 
480 
110 

2680 
590 
720 
680 

6940 

580 
1340 

3 10 
380 
160 

1690 
340 
460 
4 20 
990 

7 30 
1390 

27 0 
38 0 
370 

3040 
780 
850 
880 

1010 

*Yie lds are repor ted i n  micrograms/g maf coal. 
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Cor re la t i on  o f  Y ie lds  o f  Water-Soluble Organic E f f l u e n t s  t o  Coal ParaneterZ 

I t  i s  the  u l t ima te  goal o f  t h i s  p r o j e c t  t o  develop a ser ies o f  equations which w i l l  
p r e d i c t  wastewater composit ion fran a g a s i f i e r  based, i n  pa r t ,  on c e r t a i n  coal 
parameters e a s i l y  determined i n  the  laboratory .  Relat ionships have been found which 
c o r r e l a t e  the  y i e l d s  o f  t h ree  p y r o l y s i s  products, methanol, 2-butanone and acetone, t o  
coa l - spec i f i c  data which i s  r e a d i l y  avai lab le.  

Methoxy content determinations (2) have been made f o r  eleven d i f f e r e n t  samples 
t e s t e d  i n  the  small p y r o l y s i s  reactor. These samples i nc lude  whole coa ls  as wel l  as 
i n d i v i d u a l  1 i thotypes. The methoxy contents  o f  t he  1 i thotypes were p l o t t e d  versus the 
y i e l d  o f  methanol generated dur ing p y r o l y s i s  t o  850OC. A l i n e a r  l e a s t  squares f i t  of 
t h e  data resu l ted  i n  a c o r r e l a t i o n  c o e f f i c i e n t  o f  0.95. 

The y i e l d s  o f  2-butanone and acetone were p l o t t e d  versus carbonloxygen r a t i o s  f o r  
s i x  coals  pyrolyzed i n  t h e  m a l 1  p y r o l y s i s  reactor .  A l i n e a r  l e a s t  squares f i t  o f  t he  
data gave a very good f i t  f o r  both compounds (F igu re  1 and F igure 2). 2-Butanone and 
acetone both had c o r r e l a t i o n  c o e f f i c i e n t s  o f  0.99. 

Future work w i l l  focus on t h e  i d e n t i f i c a t i o n  o f  f u r t h e r  r e l a t i o n s h i p s  which w i l l  
attempt t o  c o r r e l a t e  p y r o l y s i s  y i e l d s  o f  t he  remaining s i x  compounds wi th o the r  coal 
parameters. 

E f f e c t  o f  Py ro l ys i s  Condi t ions on t h e  Nature o f  Water-Soluble Organic E f f l u e n t s  

E f f e c t  o f  P a r t i c l e  Size. I n  order t o  determine t h e  e f f e c t  o f  p a r t i c l e  s i z e  on t h e  
y i e l d  o f  water-soluble organic e f f l uen ts ,  t h e  p y r o l y s i s  products f r a n  -60 mesh coal 
were compared t o  the  products from 1/2 i nch  p a r t i c l e s  f o r  Rosebud (MT) coal. The 
p y r o l y s i s  condi t ions were a heat ing r a t e  o f  45'C/min., f i n a l  temperature 850'C. and a 
he l ium atmosphere. The e f f e c t  o f  p a r t i c l e  s i z e  was neg l i g ib le ;  t h e  y i e l d  o f  water- 
so lub le  organic e f f l u e n t s  was independent o f  the s i z e  o f  t he  coal p a r t i c l e  which 
generated those e f f l u e n t s  (Table I V ) .  However, it i s  advantageous t o  use r i f f l e d  -60 
mesh coal p a r t i c l e s  i n  most experiments i n  order  t o  avoid inhomogeneity i n  the  coal 
sample, which would r e s u l t  i n  anomalous e f f l u e n t  y ie lds .  

Table I V .  E f fec t  o f  Coal P a r t i c l e  Size on t h e  Nature o f  Water-Soluble Organic 
Ef f luent . *  

Rosebud 
Compound -60 mesh 1/2 i n c h  
Met ha no1 40 30 
Acetone 930 890 
A c e t o n i t r i l e  180 160 
2-Butanone 320 320 
Propion i  t r i l  e 90 30 
Phenol 3000 2810 
o-Cresol 850 850 
o-Cresol 1290 1220 
m-Cresol 1290 1230 

*Reported as micrograms/g maf coal. 
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E f f e c t  o f  Maximum Temperature. To determine t h e  e f f e c t  o f  maximum temperature on 
the  y i e l d  of water s o l u b l e  organic  e f f l uen ts ,  I nd ian  Head (ND) l i g n i t e  was pyrolyzed a t  
two f i n a l  tenperatures: The p y r o l y s i s  cond i t i ons  used were a heating 
r a t e  o f  45"C/min., -60 mesh p a r t i c l e  size, and a sample s i z e  o f  approximately 5 
grams. A canparison o f  t he  y i e l d  data (Table V )  f o r  these two runs revealed the  y i e l d s  
of methanol, acetone, a c e t o n i t r i l e ,  2-butanone and p r o p i o n i t r i l e  t o  be s im i la r .  
However, t h e  increased y i e l d s  o f  phenol and c reso ls  a t  l l O O ° C  suggest t h a t  t h e  
e v o l u t i o n  o f  water-so lub le organics i s  not  complete a t  850°C. Model s tud ies i n d i c a t e  
t h a t  phenol and c reso ls  generated a t  t h e  lower  temperatures evolve from a l k y l - a r y l  
e ther  precursors (2). The increase i n  phenol and cresol  y i e l d s  a t  1100°C may r e s u l t ,  
i n  par t ,  f r a n  t h e  cleavage o f  d iary1 ethers w i t h  t h e i r  r e l a t i v e l y  h ighe r  carbon-oxygen 
bond energies. 

850" and 1100°C. 

Table V. E f f e c t  o f  Maximum Temperature on t h e  Nature o f  Water-Soluble Organic 
E f f l uen ts .  

Micrograms/g maf coal 
Compound 850°C l l00"C 

Met h a no 1 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
Propion i  t r i l  e 
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 

1490 
1420 
230 
400 
130 

2300 
510 
760 
710 

1460 
1490 

240 
400 

90 
3220 

740 
1120 
1270 

Ef fect  o f  Time a t  Temperature. I nd ian  Head (ND) and Rosebud (MT) coals  were 
subjected t o  zero and 30 minute isothermal per iods a t  maximun temperatures o f  380°C and 
85OOC t o  determine t h e  e f f e c t  o f  t ime a t  temperature ( " res idence t ime")  on py ro l ys i s  
y i e l d s  for water-so lub le organics. The p y r o l y s i s  cond i t i ons  were a heat ing r a t e  o f  
45'C/min., a hel ium atmosphere, and a sample s i ze  o f  approximately 5 grams. The e f f e c t  
of residence t ime  on t h e  y i e l d s  o f  water-soluble organics (Table V I )  was substant ia l  a t  
380°C. With no isothermal period, t h e  y i e l d  o f  products was below t h e  gas 
chromatograph's th resho ld  f o r  accurate q u a n t i f i c a t i o n .  A t  t h e  h ighe r  temperature t h e  
ef fect  of residence t ime  was q u i t e  small and i n  t h e  case o f  t he  I n d i a n  Head l i g n i t e  
nonexistent. 

i 
I 
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Table V I .  Effect o f  Time a t  Temperature on t h e  Nature o f  Water-Soluble Organic 
Eff luents.* 

Compound 

Methanol 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
P r o p i o n i t r i l  e 
Phenol 
o-Cresol 
p-Cresol 
in-Cresol 
Catechol 

Compound 

Methanol 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
Propion i  tril e 
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 
Catechol 

Maximum Temperature 380Y 
Ind ian  Head Rosebud 

0 min. 30 min. 0 min. 30 min. 

** 
** 
** 
** 
** 
** 
** 
** 
** 
** 

900 
480 

30 
140 

1370 
350 
550 
4 50 

1480 

** 

** 
** 
** 
** 
** 
** 
** 
** 
** 

--- 

20 
300 

10 
130 

10 
540 
120 
230 
170 -_-  

Maximum Temperature 85OOC 
I n d i a n  Head Rosebud 

0 min. 30 min. 0 min. 3 0  min. 

1490 
1420 

230 
400 
130 

2300 
510 
760 
710 

2210 

1740 
1460 

240 
370 
270 

2360 
530 
820 
820 

2120 

40 
930 
180 
320 

90 
3000 

850 
1290 
1290 __- 

30 
840 
170 
28 0 

20 
2690 
800 

1080 
1140 --- 

*Reported i n  micrograms/g maf coal. 
**Bel ow instrument threshold f o r  accurate quan t i f i ca t i on .  

---Not determined. 

E f f e c t  o f  Heating Rate. To determine t h e  e f f e c t  o f  heat ing r a t e  on the  y i e l d  o f  
water-soluble organic  e f f l u e n t s ,  p y r o l y s i s  o f  Center Mine (ND) l i g n i t e  was c a r r i e d  out  
a t  38OOC and 850°C using heat ra tes  of 5'C/min. and 45OC/min. Both the 38OOC data and 
t h e  85OoC data (Table V I I )  reveal  a h igher  y i e l d  f o r  phenol and cresols  a t  t h e  slower 
heat ing ra te .  This  cou ld  be due t o  the r e l a t i v e  l e n g t h  of t h e  experiments; t h e  f a s t  
heat ing r a t e  experiment takes approximately 20 minutes, whereas the  slow heat ing r a t e  
experiment takes 170 minutes. It i s  poss ib le  t h a t  t h e  e f f e c t  t h a t  i s  being observed i s  
n o t  so much heating r a t e  as i t  i s  t ime a t  temperature ("residence time"). 

c 
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Table V I I .  E f f e c t  o f  Heating Rate on t h e  Nature o f  Water-Soluble Organic Ef f luents .*  

Compound 

Methanol 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
P r o p i o n i t r i  1 e 
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 

380 Maximum Temp. 
5=C/mi n. 45"C/min. 

570 
110 

20 

460 
50 

180 
80 

** 
** 

270 
40 

10 

100 
10 
40 
10 

** 
** 

850 Maximum Temp. 
5"C/mi n. 45"C/min. 

1590 
1190 

300 
310 

30 
4380 
1300 
1740 
1920 

*Results are repo r ted  i n  micrograms/g maf coal. 
**Below instrument th resho ld  f o r  accurate q u a n t i f i c a t i o n .  

1700 
1490 

280 
440 
380 

3460 
7 80 

1360 
1400 

Conclusion 

A l abo ra to ry  sca le  t u b u l a r  r e a c t o r  t e s t  i s  ab le t o  d i f f e r e n t i a t e  between t h e  
r e l a t i v e  y i e l d s  o f  several water-soluble organic  e f f l u e n t s  produced dur ing p y r o l y s i s  
f o r  a v a r i e t y  o f  coals  under d i f f e r i n g  p y r o l y s i s  condit ions. Corre la t ions between 
p y r o l y s i s  y i e l d s  and c e r t a i n  coal parameters f o r  t h r e e  o f  t he  compounds examined have 
been developed which a l l ow  f o r  t h e  p r e d i c t i o n  o f  py ro l ys i s  y i e l d s  f o r  these canpounds 
f o r  as yet  untested coals. 

Acknwl e d w n t  

8 3FE60 18 1. 
This work was supported by t h e  U.S. Department o f  Energy, Contract No. DE-FC21- 

L i t e r a t u r e  C i t e d  

1. Olson, E.S. and J.W. Diehl ,  186th ACS National Meetins, Washington, D.C., Abstracts 
of Papers, Any1 63, (1983). 

2. Olson, E.S. and J.W. Diehl ,  Q u a r t e r l y  Technical Progress Report f o r  the Per iod 

3. Siskin, Michael and Thomas Aczel, Fuel, 62, 1321 (1983). 

October-December 1984. U n i v e r s i t y  o f  North Dakota Energy Research Center, i n  p r i n t .  

472 



Figure 1. 

500 

400 

300 

200 

100- 

0- 

- 

- 

- 

- 

I I I I I 1 I 

Correlation of 2-butanone yields t o  carbon/oxygen ratio for the s ix  
coals l i s ted  i n  Table I. 

2000 

1600 

P u 1200 z <  s r  l 4 O 0 I  

4001 200 

I I I I I I I I 
0 ! 2 3 4 5 6 7 8 

CarbonlOxygen Ratio 

Figure 2. Correlation of acetone yields t o  carbon/oxygen ratio for the s ix  
coals l i s ted  in  Table I. 

473  



S e l e c t i v e  Removal o f  Nitroqenous Compounds l lsinq Z e o l i t e s  

G .  Jean ,  E. Ronvie, and H. Sawatzky 

Enerqy Research L a b o r a t o r i e s  (CANMET) 
555 Booth S t r e e t  
Ottawa, Ontar io ,  Canada 
K1A OG1 

I n t r o d u c t i o n  

compounds. Supported f e r r i c  c h l o r i d e  (11, macrore t icu lar  ion exchanqe r e s i n s  (2-41, b a s i c  
and neut ra l  alumina ( 5 ) ,  and a c i d  modified s i l i c a  (6)  can s e l e c t i v e l y  remove n i t roqenous  
compounds from petroleum f r a c t i o n s .  These s e p a r a t i o n  methods however were des iqned  f o r  
small  s c a l e  a n a l y t i c a l  s e p a r a t i o n .  Recently t h e r e  has  been some i n t e r e s t  i n  l a r q e  s c a l e  
s e p a r a t i o n  of  ni t roqenous  m a t e r i a l  (7-9). This i n t e r e s t  stems from t h e  p o s s i b i l i t y  of 
Usinq an a d s o r p t i o n  (or s o r p t i o n )  p r o c e s s  a s  a s u b s t i t u t e  f o r  t h e  expensive h y d r o t r e a t i n q  
process .  

usinq z e o l i t e s .  The s e l e c t i v i t y  was determined f o r  s e v e r a l  z e o l i t e s  us ing  a model 
Compound s o l u t i o n .  
z e o l i t e  was r a t i o n  exchanqed i n  o r d e r  t o  modify t h e  s e l e c t i v i t y .  

Experiment a1 

compound i n  reaqent q r a d e  t o l u e n e .  
Table 1 .  

s o l u t i o n .  The c h l o r i d e  s a l t  of t h e  c a t i o n  t o  exrhanqe was used. The z e o l i t e  was then  
f i l t e r e d ,  washed, and d r i e d  a t  ll0'C f o r  12 h. 
p resence  of a i r  f o r  1 2  h. 

A typ ica l  experiment involved  pumping t h e  feed cont inuous ly  a t  0.5 mL/min i n t o  a 30 
cm lonq and f l .4 cm I.D. s t a i n l e s s  s t e e l  column packed wi th  t h e  sorbent .  Samples o f  t h e  
e f f l u e n t  were c o l l e c t e d  every  5 m L  and subsequent ly  analyzed us ing  a Varian 6000 g a s  
chromatoqraph equipped wi th  a 30 m lona DE-5 c a p i l l a r y  column. For whole naphthas t h e  
e f f l u e n t  samples were ana lysed  f o r  t o t a l  n i t r o q e n  by chemiluminescence u s i n g  a Dohrman 
t o t a l  n i t roqen  ana lyzer .  A1 1 experiments were performed a t  room tempera ture .  Three q r m s  
of z e o l i t e  was used f o r  each run. Table 2 q i v e  t h e  p r o p e r t i e s  of t h e  naphthas used i n  
t h i s  study. 

R e s u l t s  and d i s c u s s i o n  

shown i n  F a .  1. These r e s u l t s  c l e a r l y  show t h a t  t h e  deqree of s o r p t i o n  depends on  t h e  
n a t u r e  of t h e  compound. 
t h e  e f f l u e n t  a f t e r  20 mL whereas compounds s u r h  a s  benzylamine a r e  s t i l l  completely 
removed a f t e r  150 mL.  There is an i n v e r s e  r o r r e l a t i o n  between t h e  amount sorbed  and t h e  
molecular s i z e  o f  a compound; t h e  amount of th ree-  and four - r inq  compounds sorbed is 
s e n e r a l l y  lower than  t h a t  of two- and one-rinq compounds. 
and molecular s i z e  i s  well documented (10-11): z e o l i t e s  a r e  known a s  shape s e l e c t i v e  
s o r b e n t s  because of t h e i r  uniform pore  s i z e .  
s o l u t i o n  1. 

Various s o r b e n t s  have been used i n  t h e  past  f o r  t h e  s e l e c t i v e  removal o f  n i t roqenous  

This paper d e s c r i b e s  t h e  s e l e c t i v e  removal o f  n i t roqenous  compounds from naphthas 

The s e l e c t i v i t y  s t r o n g l y  depends on t h e  n a t u r e  of t h e  compound. The 

The model compound s o l u t i o n  was prepared by d i s s o l v i n q  t h e  a p p r o p r i a t e  amount of 
The composition of t h e  two s o l u t i o n s  a r e  qiven i n  

The z e o l i t e s  ob ta ined  from BDH Chemicals were shaken over niqht i n  a 1M aqueous 

The z e o l i t e  was a c t i v a t e d  a t  52OoC i n  t h e  

The s o r p t i o n  r e s u l t s  f o r  model s o l u t i o n  1 by z e o l i t e  13 X i n  t h e  sodium form a r e  

Compounds such a s  benzacr id ine  and tet  rahydrocarbazole appear i n  

The r e l a t i o n  between s e p a r a t i o n  

Smaller pore  size z e o l i t e s  were t e s t e d  usinq 
The e f f i c i e n c y  of s e p a r a t i o n  was propor t iona l  t o  pore s i z e .  
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The previous r e s u l t s  i n d i c a t e  the  d i f f i c u l t y  o f  removinq a l l  n i t roqenous compounds 
i n d i s c r i m i n a t e l y .  The separat ion i s  d i f f u s i o n - c o n t r o l l e d  and l a r q e r  molecules are  not 
removed t o  any qreat ex ten t .  The model compound study suqqests t h a t  z e o l i t e s  would be 
most e f f e c t i v e  fo r  the  treatment o f  naphthas which conta in  small n i t rogenous compounds. 
An experiment was t h e r e f o r e  c a r r i e d  out us inq  z e o l i t e  13X and two naphthas (Fiq. 2 ) .  
Using the area over the  breakthrouqh curve the s o r p t i o n  c a p a c i t i e s  were ca lcu la ted .  
capac i t ies  were: 
(4.3 mg N/q z e o l i t e )  fo r  t h e  hydroprocessed naphtha whirh i s  s i q n i f i c a n t l y  lower than t h e  
298 mq (100 mq N/q z e o l i t e )  obtained f o r  t h e  model compound s o l u t i o n  1 and the 332 mq 
obtained fo r  model compound s o l u t i o n  2. S o l u t i o n  2 i s  more representa t ive  of a naphtha 
s ince  i t  contains smal le r  n i t roqenous compounds than s o l u t l o n  1.  80th  s o l u t i o n s  q ive  a 
capaci ty o f  10% by weight o f  z e o l i t e .  

phase s o r p t i o n  o f  hydrocarbons and ni t roqenous bases. Ereck and Flanagen ob ta ined a 
capaci ty of 0.227 q o f  t r i b u t y l a m i n e  per qram of z e o l i t e  X a t  room temperature (12). 
l i q u i d  phase experiment C8F180 was separated from (C4F9)3 N by s o r p t i o n  on a z e o l i t e  13X; 
t h e  CBF180 l oad inq  a t  breakthrough was 0.3 q/q of z e o l i t e  (13) .  The capac i ty  ob ta ined i n  
t h i s  study demonstrates the  p o s s i b i l i t y  o f  us ing  z e o l i t e s  fo r  l a r q e  scale separat ion.  
lower capac i ty  obtained f o r  naphthas suqqests the compet i t i ve  s o r p t i o n  of non-nitroqenous 
compounds: t h e  sorbent may no t  be t o t a l l y  s e l e c t i v e  for  n i t roqenous compounds and 
subs tan t ia l  q u a n t i t i e s  o f  o l e f i n s  or aromatics may be sorbed. No d i r e c t  evidence for t h i s  
i s  presented i n  t h i s  study. These aspects are p r e s e n t l y  under study. The aim i s  t o  
improve the  s e l e c t i v i t y  f o r  n i t rooenous compounds, s p e c i f i c a l l y  f o r  m u l t i - r i n q  compounds. 

i n t e r a c t  i o n  enerqies surh as dispersion, repu ls ion ,  p o l a r i z a t i o n ,  and dipole/quadrupole 
in te rac t ions .  For a q iven feed the  s e l e c t i v i t y  i s  a func t ion  of the  na ture  o f  the  r a t i o n  
i n  the z e o l i t e ,  the  surface a c i d i t y  and the sorbent pretreatment.  F o r  instance, la rqe  
pore s i z e  z e o l i t e s  such as 13X e x h i b i t  s e l e c t i v i t y  for the aromatic components of  mix tu re  
o f  aromatics and paraf f ins.  Replacinq the p o l a r i z i n q  c a t i o n  by pro tons  reverses the  
s e l e c t i v i t y  (14). 
by other cat ions,  namely H, Zn, Co i n  order t o  see the  e f f e c t  on s e l e c t i v i t y .  The 
o b j e c t i v e  i s  t o  f i n d  two z e o l i t e  forms that complement each other.  The r e s u l t s  a r e  
presented i n  Tables 3-6. 

The s u b s t i t u t i o n  o f  the  r a t i o n  chanqes the s e l e c t i v i t y  cons iderab ly ;  f o r  ins tance t h e  
capac i ty  of the sodium form f o r  a n i l i n e  i s  over 50 mq whereas tha t  of t h e  hydroqen and the  
z i n c  forms i s  10 and 14 mq respec t ive ly .  S i m i l a r l y  the capac i ty  of the  sodium and 
hydroqen forms f o r  cyclohexylamine i s  50 mq and i s  only 10 mq f o r  the  z i n c  form. Other 
compounds such as 1,2,5-tr imethylpyrrole are not af fected by the exchanqe. These r e s u l t s  
suqqest the  p o s s i b i l i t y  o f  us inq  two z e o l i t e s  tha t  complement each o ther  t o  improve the  
e f f i c iency  o f  separat ion.  For i ns tance the sodium and hydrogen form seems t o  be the  best 
combination. Indeed t h e  sodium form i s  most e f f e c t i v e  t o  remove a n i l i n e ,  benzylamine, 
cyclohexylamine, and t o  a l e s s e r  ex ten t  ethylamine but i s  unable t o  remove 
t r i m e t h y l p y r r o l e ,  decylamine, and octylamine. 
remove decylamine, octy lamine, and cyclohexylamine but unable t o  remove a n i l i n e .  Such a 
combination has not been t e s t e d  i n  t h i s  study. 

The 
4.61 mq N (1.36 mq N/q z e o l i t e )  f o r  the  coker naphtha, and 14.24 mq N 

The s o r p t i o n  capac i ty  f o r  the  model compounds i s  s i m i l a r  t o  t h a t  obtained f o r  vapour 

In a 

The 

The s e l e c t i v i t y  shown by a sorbent toward a sorbate i s  determined by severa l  types o f  

S i m i l a r l y  i n  t h i s  study the c a t i o n  o f  z e o l i t e  13X (sodium) was replaced 

The hydroqen form i s  most e f f e c t i v e  t o  
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Conc 1 us ion  

This  st.udy demonst.rat.es t.he poss ib i1 i t .y  o f  us inq  zeo1 i t .e~  for  t.he l a r q e  
scale s e l e c t i v e  removal o f  nitroqenous compounds from pet.roleum f ract ions.  The 
resu1t.s ind icat .e  the  d i f  f icu1t .y  o f  removinq a l l  nit.roqenous compounds 
i n d i s c r i m i n a t e l y .  Larqer  neut.ra1 compounds are not removed t o  any qreat. ext.ent. 
whi le  smal ler  bas i c  compounds are removed ext.ensively. 
co r rec ted  somewhat. by mod i f y inq  the  s e l e c t . i v i t y  o f  t he  z e o l i t e  by c a t i o n  
exchanqe. 

nitrogenous compounds conta ined i n  napht.has. The sorpt . ion capaci ty  obta ined 
wit.h naphthas i s  much lower than expect.ed based on t h e  model compound st.udy. 
This suqqests t.hat non-hitxogenous compounds are competing for t h e  sur face 
s i t es .  
t.he z e o l i t e  t o  i n h i b i t  t h i s  phenomenon. 
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Table 1 - Composition of model solutions 
Solution 1 Solution 2 

Compound ppm N Compound P P ~  N 

aniline 30.12 ani 1 ine 48.07 
1,2,5-trimethylpyrrole 28.20 3-ethyl pyridine 48.22 
benzyl amine 39.79 4-et hylpyridine 49.05 
n-oct yl amine 32.79 n-oct yl amine 44.40 
n-decyl amine 27.08 n-decylamine 35.95 
quinoline 32.02 1,2,5-t rimethylpyrrole 50.76 
indole 29.37 cyclohexylamine 54.41 
)-met hy 1 indole 26.74 benzylamine 51.21 
2,2 -dipyridyl 55.58 2,4,6-collidine 48.26 
1 -phenethylpiperidine 22. 88 tri-n-propyl amine 34.49 
2-phenylpyrydine 24.26 tert-butylamine 51.85 
dibenzylamine 26.48 
tetrahydrocarbazole 27.70 
carbazole 25.24 
2-met hyl acridine 19.40 
3,4-benzacridine 7.85 
2-aminochrysene 13.90 
phenothiazine 29.60 

Total N concentration 518.21 516.67 

Table 2 - Naphtha properties 
Hydroprocessed Coker 

Specific qravity 60/60 f 
Sulphur wt X 
Carbon wt I 
Hydroqen wt B 
Nitroqen wt X 

Bromide number 

Simulated distillation (wt %) 
Paraffins 
01 e f ins 
Naphtenes 
Aromatics 

0.74 
0.18 
85.98 
13.45 
0.005 

24 

55 
15 
19 
10 

0.75 
0.18 

85.25 
13.88 
0.002 

74 

24.61 
61.79 

0.0 
13.60 
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Table 3 - S e l e c t i v i t y  for  z e o l i t e  13X i n  t h e  sodium form (Na) 
~~ 

Compound 
Volume a t  Tot al 
breakthrouqh (mL) l oad ing  (mq) 

1,2,5- t r imethy lpyrro le  
n-decy lamine 
tri-n-propyl amine 
n-octylamine 
2,4,6-c01 l i d i n e  
3-ethy l  amine 
4-et h y l  amine 
cyclohexy 1 amine 
te r t -bu ty lam ine  
a n i l i n e  and benzylamine 
To ta l  

22 
82 
82 

105 
105 
144 
160 
162 
183 

not  broken throuqh 

12.16 
23.23 
26.00 
30.93 
42.76 
47.07 
51.66 
53.91 
44.77 

332.49 

Table 4 - S e l e c t i v i t y  f o r  z e o l i t e  13X i n  t.he hydroqen form (H) 

Volume a t  Loadinq a t  
Compound breakthrough (mL) breakthrough (mg) 

a n i l i n e  36 9.98 
1,2,5-t r i m e t h y l p y r r o l e  36 11.74 
3-et.h ylpyridine 45 14.31 
4 -e thy lpy r id ine  48 15.92 
2,4,6-col1 i d i n e  60 21.29 
t ri-n-propylamine 78 23.64 
n-decylamine 97 32.13 
n-octylamine 123 43.56 

cyclohexylamine 148 49.09 
tert.-butylamine n o t  broken throuqh 
T o t a l  267.51 

benzylamine 135 45.85 
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Table 5 - Se1ect ivi t .y  f o r  z e o l i t e  13X i n  t h e  z i n c  form (Zn) 

Compound 
Volume a t  Loadinq a t  
Breakthrough (mL) Breakthrouqh (mq) 

cyclohexylamine 20 6.80 
1,2,5- t r imet .hylpyrrole  42 12.41 
a n i l i n e  48 13.83 
3 -e thy lpyr id ine  56 1A.%3 
tri-n-propyl amine 68 20.88 
2 , 4 , 6 - c o l l i d i n e  12 26.31 
n-decyl ami ne 14 26.29 
4 -e thy lpyr id ine  78 25.95 
n-octylamine, t.ert-but.yl amine, and benzyl amine not broken throuqh 
Tot.al 150.16 

Table 6 - S e l e c t i v i t y  f o r  z e o l i t e  13X i n  t h e  coba l t  form (Co) 

Compound 
Volume a t  Loading a t  
Breakthrouqh (mL) Breakthrouqh (mq) 

a n i  1 i n e  
1,2,5-t rimet.hylpyrro1 e 
2 , 4 , 6 - c o l l i d i n e  
3 -e thy lpyr id ine  
4 -e thy lpyr id ine  
tri-n-propyl amine 
n-decyl amine 
n-oct.yl amine 
benzylamine 
cyclohexylamine 
t ,er t -butylamine not. broken throuqh 
Tot a1 

16 3.65 
16 4.91 
18 5.28 
18 5.43 

24 7.37 
67 22.89 
1 4  25.20 
1 5  25. 64 
19 27.13 

134.54 

23 7.04 
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FIGURE 1 - Selectivity of sorption of zeolite 13X for a standard mixture. 

1) benzacridine, 2) 1.2.5-trimethylpyrrole, 3) tetrahydrocarbazole, 
41 n-decylamine, 5)  2-methylacridine. 6 )  aminochrysene, 7) carbazole 
8 )  n-octylamine, 91 1-phenethylpiperidine, 10) phenothiazine, 
11) 2-phenylpyridine, 12) 3-methylindole, 13) dibyylamine, 
14) Indole, 15) quinoline, 16) aniline, 171 2.2 dipyriayl. 

Benzylamine did not elute after 150 mL. 
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.Fig. 2 - Breakthrough -e for: hydroprocessed naphtha ( c w e  1) 
and coker naphtha (curve 21 sorbed on zeolite 13X. 
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I n t roduc t i on  

The chemical reac t i on  between coal char and steam t o  produce synthesis gas, CO and 
Hp, i s  wel l  known. These products can be used d i r e c t l y  as low-heating-value gas or  as  
Precursors f o r  t he  c a t a l y t i c  synthesis o f  methanol and ammonia, oxo canpounds, methane 
and petroleun subs t i tu tes .  More recent ly ,  however, i n t e r e s t  has centered on producing 
t h e  gas f o r  i t s  hydrogen content. 

The r a t e  o f  t he  reac t ion  i n v o l v i n g  char and steam i s  increased markedly by the  use 
o f  ca ta lys ts ,  p a r t i c u l a r l y  a l k a l i  metal compounds (L-A). Potassium carbonate, which i s  
canmonly recognized as the  best a l k a l i  ca ta l ys t  f o r  t h i s  reac t i on  ( 4 ) ,  was chosen as 
t h e  ca ta l ys t  t o  use i n  examining the  g a s i f i c a t i o n  of chars prepared f r a n  Ind ian  Head 
and Velva North Dakota l i g n i t e s ,  and Wyodak Wyoming subbituminous coal. These th ree  
low-rank coals were converted t o  chars and then reacted w i t h  steam a t  700°, 750' and 
800'C bo th  w i th  and w i thout  K C03 ca ta lys t .  The course o f  t he  reac t ion  was fol lowed by  
thennogravimetr ic ana lys is  (TZA). Sodium carbonate was a lso  used t o  ca ta lyze  the  Velva 
and Indian Head char-steam react ions.  Sod im carbonate i s  a l ess  expensive mater ia l  
than K2CO3 and, i f  shown t o  be an e f f e c t i v e  c a t a l y s t  i n  place o f  K2CO3. cou ld  reduce 
considerably the  cost o f  t he  conversion process. 

This paper repor ts  the  apparent Arrhenius energies o f  a c t i v a t i o n  (Ea) and pre- 
exponential f ac to rs  (A) f o r  t he  steam g a s i f i c a t i o n  o f  t h e  uncatalyzed and K2C03 - 
catalyzed Velva, I nd ian  Head, and Wyodak coal chars, and the  Na2C03-catalyzed Velva and 
Indian Head coal chars. 

Experi.emta1 

The th ree  low-rank coals and t h e i r  composition are  shown i n  Table I. Table I 1  
shows the  experiment matr ix.  Each coal was ground t o  100 x 140 mesh and a po r t i on  o f  
t h e  ground coal was mixed in t ima te l y  w i th  10 w t %  d r y  K2C03 o r  Na2C03 f o r  the  c a t a l y s t  
tes ts .  The coals i n  bo th  the  uncatalyzed and catalyzed form were d e v o l a t i l i z e d  and 
then reacted w i t h  steam i n  a Ou Pont 951 Theno-gravimetr ic Analyzer (TGA) i n te r faced  
w i th  a Ou Pont 1090 Thermal Analyzer. The d e v o l a t i l i z a t i o n  removed the  moisture and 
the  v o l a t i l e  mat te r  f r a n  the  coal and produced the  char containing the  ac t i ve  f i xed  
carbon f o r  the  steam-carbon react ion.  

(a )  oevo la t i l i za t i on .  
Approximately 20 mg o f  uncatalyzed o r  catalyzed coal was loaded on the  sample pan 

o f  the thermogravimetric analyzer. A f low of  275 mg/min Argon was passed through t h e  
reac t i on  chamber dur ing  the  d e v o l a t i l i z a t i o n  of t he  coal. The sample was heated a t  
100'C/min t o  one o f  th ree  temperatures, 700'. 750', o r  800°C. A f t e r  t he  t a r g e t  
temperature was achieved, isothermal heat ing a t  t h a t  tanperature was continued u n t i l  a t  
l e a s t  15 minutes t o t a l  t i m e  had elapsed. The r e s u l t l n g  char was he ld  under f low ing  
argon without coo l ing  u n t i l  t he  char-steam reac t i on  was i n i t i a t e d .  

The hydrogen can be p u r i f i e d  f o r  use as a fue l .  
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( b )  Char-Steam React ion. 
Steam was introduced through a s ide-am o f  t he  quartz furnace tube a t  a r a t e  o f  1-6 

mglmin. The argon f l o w  was reduced t o  100 mg/min dur ing  the  steam react ion.  As t he  
reac t ion  proceeded, t h e  l oss  o f  weight was recorded a t  t he  r a t e  o f  one data po in t  every 
t w o  seconds u n t i l  t h e  char reached constant weight. The r a t e  parameter, k, was 
ca lcu la ted  fran t h e  da ta  obtained and t h e  energy o f  a c t i v a t i o n  ( E a )  was ca lcu la ted  from 
the p lo ts  o f  I n  k verses l / T  f o r  t he  th ree  reac t i on  temperatures. 

Table I. Low-Rank Coal Composition. 

Proximate Analysis (AR) wt%: 
Moisture 
V o l a t i l e  Matter 
Fixed Carbon 
Ash 

Carbon 
Hydrogen 
N i t rogen 
Oxygen (by d i f f )  
Sul f ur  

U l t imate  Ana lys is  (MAF) w t % :  

Ash Analysis (&% of  ash): 
Si00 

MgO 
Na20 

Ind ian  Head Vel va Wyodak 

36.62 
26.07 
30.50 
6.81 

70.4 
5.45 
1.40 

1.04 
21.7 

26.25 
10.73 
14.03 
0.53 
0.42 

15.95 
4.88 
7.97 

38.8 
25.3 
29.0 
6.9 

70.4 
5.30 
1.40 

0.60 
22.3 

19.6 
12.7 

5.8 
0.40 
0.60 

36.0 
10.20 
2.10 

30.99 
30.43 
32.96 
5.62 

73.7 
5.38 
1.22 

0.53 
19.1 

28.0 
15.0 
4.30 
1.20 
1.50 

6.60 
1.60 

21.7 

Table 11. Reaction o f  Devo la t i l i zed  Coal Char With and Without 10 w t %  Catalyst .  

Reaction Temp., "C 700 7 50 800 
Catalyst  l o n e  K2CO3 Na2C03 None KZCO3 Na2C03 None K2C03 Na2C03 

Coal Reacted: 

Indian Head X X X X X X x x x  
Vel va X X X X X X x x x  
Wyodak X X X X x x  
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Results and Discussion 

Pre l im inary  experiments were conducted t o  determi ne optimum operat ing parameters 
fo r  t he  reac t ion  on the  TGA. It was determined t h a t  a catalyzed o r  uncatalyzed low 
rank coal  sample s ize  o f  -20 mg produced a sa t i s fac to ry  quan t i t y  and q u a l i t y  o f  char 
when d e v o l a t i l  ized according t o  the  procedure discussed previously.  The devola- 
t i l i z a t i o n  appeared t o  be complete a f t e r  about ten  minutes. The temperature was 
maintained f o r  a minimun o f  an add i t iona l  f i v e  minutes t o  ensure un i fo rm i t y  i n  ca r ry ing  
ou t  t he  d e v o l a t i l i z a t i o n  step. The char was held a t  t h a t  temperature and the s t e m  
flow was started. Steam f l o w  ra tes  o f  0.5 t o  200 mg/min were inves t iga ted  i n  
p re l im inary  experiments t o  a l low se lec t ion  o f  a su i tab le  rate.  The f l ow  ra te ,  
optimized a t  1-6 mg/min, suppl ied steam a t  a r a t e  s u f f i c i e n t  t o  feed the  reac t ion  
wi thout showing signs o f  d i f f u s i o n  l i m i t a t i o n  and w i thout  causing condensation bui ld-up 
on the  cool pa r t s  o f  t he  balance. When excess steam f l o w  caused condensation t o  
c o l l e c t  on the unheated pa r t s  o f  t he  balance ann o r  on the  e l e c t r i c a l  con tac ts  o f  the 
balance o r  thermocouple, t he  instrument response became e r ra t i c .  

When the  optimum reac t ion  cond i t ions  had been determined, a l l  experiments were run 
i v  a t  l eas t  dup l i ca te  with exce l len t  rep roduc ib i l i t y ,  and r e a c t i v i t y  parameters were 
averaged f o r  use i n  ca l cu la t i ng  Ea and A. Since, i n  some experiments up t o  10 % o f  the  
ca lcu la ted  weight o f  t he  f i xed  carbon d i d  not reac t ,  90% conversion was considered 
complete f o r  i n te rp re t i ng  data shown i n  F igure  1 and 2. 

The react ions between uncatalyzed coal char and steam fo r  each of t he  th ree  coa ls  
when ca r r i ed  ou t  a t  750OC. showed t h a t  90% conversion o f  char ( f i x e d  carbon) was most 
rap id  i n  the  Velva l i g n i t e  (Figure 1). Ninety percent o f  Ind ian  Head and Wyodak char 
conven ion  occured a t  slower rates,  w i th  Wyodak being the  slower as expected because o f  
i t s  h igher  rank (5). 

Loading o f  1 6 - w t %  K2CO3 c a t a l y s t  gave the  data p lo t ted  i n  F igu re  2. Velva l i g n i t e  
chars achieved 90% conversion much more rap id l y  than any o f  t he  o ther  chars tested. 

The ca ta l ys t  loading o f  10 w t %  NaZCO on Ind ian  Head and Velva l i g n i t e s  was 
inves t iga ted  and compared w i th  the  resu l t s  &om K2CO3 c a t a l y s i s  (Figures 3 and 4). The 
c a t a l y t i c  e f f e c t  o f  10 wt'X Nd?CD3 was near ly  i den t i ca l  on a weight-to-weight basis t o  
tha t  o f  t he  K CO up t o  90% cc%version f o r  t h e  Velva coal. It appeared t o  be s l i g h t l y  
b e t t e r  than lzCd3 on a weight-to-weight basis f o r  ca ta lyz ing  the  Ind ian  Head char 
reaction. On a molar basis, however, KzCO3 was b e t t e r  f o r  ca ta l ys i s  of bo th  coal  
chars. 

Uncatalyzed and KpCO~-catalyzed coal  char-steam reac t ions  were a lso  ca r r i ed  ou t  a t  
700' and 800'C a t  t h e  1 % ca ta l ys t  loading. Mahajan. et .  al.. determined t h a t  a very 
useful parameter f o r  co r re la t i ng  char r e a c t i v i t y  data i s  the  t ime needed t o  reach a 
f rac t iona l  burn-o f f  o f  50% o f  the  char (7). The r e a c t i v i t y  parameter, K, was 
ca lcu la ted  f ran  the  conversion r a t e  data a t  700°, 750'. and 800°C based on weight o f  
char sample reacted a t  50% o f  f i x e d  carbon versus time. Arrhenius p l o t s  o f  I n  k 
versus 1/T were prepared (6). and Ea was ca lcu la ted  fran the  slope o f  the l i n e ,  an8.2 
was determined f r a n  the  Y- intercept (Figures 5, 6, and 7). These values are l i s t e d  i n  
Table 111. For chars fran Velva, Ind ian  Head and Wyodak low-rank coals, the add i t i on  
o f  K CO decreased the  apparent Ea by as much as 60% t h a t  of t he  uncatalyzed coal  
char! ?or  equal w t %  c a t a l y s t  loading Na2C03 was found t o  be a t  l e i s t  as e f f e c t i v e  as 
K2C03 i n  ca ta lyz ing  t h e  Velva and Indian Head char conversion. On a molar bas i s  
however the  sodium c a t a l y s t  would conta in  1.30 t imes as many metal ca t ions  as the  
potassiun ca ta l ys t  when the  coals are loaded w i th  equal weights o f  the  two  ca ta lys ts .  
Although the  NazC03 may not be as ac t ive  atom f o r  atom as ic2CO3. i t  was as e f f e c t i v e  i n  
lowering the apparent energy o f  ac t i va t i on  o f  t he  t w D  l i g n i t e s  on a weight- for-weight 
bas is  and i s  much less expensive. 

t 
, 
I 
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Table 111. The Apparent Energies of Ac t i va t i on  and Pre-exponential Factors Calculated 
from Arrhenius P l o t s  a t  0.5 o f  Fixed Carbon. 

Ind ian  Head Vel va Wyodak 
A - Ea - Ea* - A* * - Ea - A -  

As-received , 28.8 1 . 7 8 ~ 1 0 ~  29.8 4 . 1 1 ~ 1 0 ~  31.8 7 .67x106 

K2CO3 catalyzed 18.4 4 . 2 6 ~ 1 0 ~  11.5 1 . 8 5 ~ 1 0 ~  21.1 1 . 8 6 ~ 1 0 ~  

Na2C03 catalyzed 15.9 1 . 3 1 ~ 1 0 ~  11.9 2 . 2 5 ~ 1 0 ~  -- -- 

* Kcal/mole f i x e d  carbon 
** / h r  

A few selected examples o f  apparent energies o f  a c t i v a t i o n  fran recent l i t e r a t u r e  
are shown i n  Table I V .  Serageldin and Pan have suggested t h a t  the apparent energies o f  
a c t i v a t i o n  f o r  the  decomposition o f  coal change w i th  operat ing cond i t ions  i nd i ca t i ng  
tha t  more than one mechanist ic rou te  i s  ava i l ab le  (1). The data i n  Tables 111 and I V  
suggest t ha t  a l though coal rank i s  a f a c t o r  i n  determining t h e  r e a c t i v i t y  o f  coal char 
and consequently EA o ther  fac to rs  such as t ime and temperature invo lved i n  char 
preparat ion,  t he  quan t i t y  and type o f  mineral  mater ia l  i n  the  coal, the  gas content and 
composition as we l l  as type  and amount o f  ca ta l ys t  have an e f fec t  on the  value o f  EA 
and A (1,  2, 8-10). 

Table I V .  Selected L i t e r a t u r e  Values o f  Apparent Energies o f  Ac t iva t ion .  

Temp. 
Coal - Rank Atmosphere Cata lys t  Loadinp Range (K) & 

I l l i n o i s  No.6 B i t  He/Steam 5% Na (as Na2CO ) 873-1023 30.5 8 
He/Steam 10% Na (as NaZCd3) 873-1023 24.5 8 

Wyodak Subb i t  Heisteam 5% K (as  K CO ) 873-973 44.8 1 
He/Steam 10% K (as i2Cd3) 873-973 39.1 1 

inland Mine Subbi t  N2 723-823 12.0 2 

4% Na (as Na2C03) 723-823 11.0 2 
938-1223 16.1 2 

4% Na (as Na C03) 938-1223 15.4 2 

4% K (as  K2C03) 938-1223 13.6 2 
4% K (as  K2C83) 723-823 11.5 2 

PSOL-91 1023-1163 42.1 5 
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Figure 1. Uncdtllyzed I t e m  gar i f?cat ion  - carbon conversion I t  750'C. 

nuc  MINUTES 
Figure 2. K 2 C O j  Catalyzed I t e m  gasification-carbon conversion a t  750'C 
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Figure 3. Catalysis o f  Velva l i g n i t e  - steam gasif ication a t  750'C. 
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Catalysis of Indian Head l i g n i t e  - s t e m  gasif ication a t  750'C. 
TIME. MINUTES 

Figure 4. 
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W T I  x10000 
Figure 5 .  Arrhenius plots of the react iv i t ies  o f  catalyzed and 

uncatalyzed Indian Head coal char with steam. 
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Figure 6. Arrhenius plots of the react iv i t ies  of catalyzed and 

uncatalyled Velva coal char wlth stem. 

o-mcateiyzea 

A-K2E03-CatalYzed 

-1~l,.,..-T-7T-r--~ -.rrr.,lr..rrr-.....," ...- 
8.2 8.3 8.4 9.5 8.8 8.7 D.8 8.8 10.0 10.1 10.2 10.3 

I1/Tlx1OOM) 

Figure 7. Arrhenius plots o f  the redct iv i t ies  of c a t a l y a  and 
uncatalyzed wyodak coal char with steam. 
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Coal Swelling i n  n-Amines and n-Alcohols 

Thomas K. Green and Thomas A. West 
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Bowling Green, KY 42101 

In t roduct ion .  Recent s t u d i e s  of t h e  s o l v e n t  s w e l l i n g  of c o a l s  have y ie lded  consider- 
a b l e  ins ight  i n t o  t h e i r  macrwolecular  s t ruc ture . ( l -6)  I t  i s  becoming increas ingly  
evident t h a t  hydrogen bond c r o s s l i n k s  play a c e n t r a l  r o l e  i n  t h e  swel l ing  behavior 
of many coa ls .  i a r s e n  and co-workers, f o r  example, demonstrated t h a t  t h e  degree of 
swel l ing  of two bituminous c o a l s  i n  good nonpolar s o l v e n t s  increases  i n  t h e  order  
unextracted<pyridine-extracted (0-methylated and O-acetylated.(6) 
a t t r i b u t e d  p r i m a r i l y  t o  t h e  progress ive  d i s r u p t i o n  of t h e  hydrogen bond c r o s s l i n k s  
i n  t h e  coa l .  
t h e  nonpolar s o l v e n t  cannot d i s r u p t  them, t h e  swel l ing  remains low. The pyridine- 
e x t r a c t i o n  s e r v e s  t o  only  p a r t i a l l y  d i s r u p t  t h e  c r o s s l i n k s .  The c r o s s l i n k s  a r e  
absent  i n  the  chemically-modified coa ls ,  and these  c o a l s  can expand t o  conta in  t h e  
so lvent .  Thei r  u l t i m a t e  d i s s o l u t i o n  i s  prevented by t h e  presence of covalent 
c r o s s l i n k s .  

7,8) 
groups i n  t h e  coa l .  
i n  volume upon exposure t o  so lvent .  Brenner, f o r  example, exposed a t h i n  s e c t i o n  
of I l l i n o i s  N o .  6 c o a l  to vapors of n-propylamine.(l) 
doubled i n  s i z e ,  and t h e  process was found t o  be h ighly  r e v e r s i b l e .  The c o a l  w a s  
a l s o  found to be h i g h l y  f l e x i b l e  i n  t h e  swollen s t a t e .  
p r imar i ly  to  the  breaking  of coal-coal hydrogen bonds ( i .e .  c r o s s l i n k s )  by t h e  n-pro- 
pylamine dur ing  t h e  swel l ing  process. 

Brenner's r e s u l t s  suggest t h a t  t h e  n-propylamine i s  hydrogen bonding t o  s p e c i f i c  
s i t e s  within the  I l l i n o i s  No. 6 s t r u c t u r e .  I f  so,  we thought t h e  number of s i t e s  
might be q u a n t i f i e d  by so lvent  swel l ing  measurements. 
clude o ther  n-alkylamines t o  s e e  i f  they might behave s i m i l a r l y  t o  n-propylamine. 
The r e s u l t s  on f o u r  d i f f e r e n t  c o a l s  a r e  presented and cont ras ted  wi:h those using 
n-alkylalcohols as swel l ing  s o l v e n t s .  

Experimental. 
Swelling Measurements. 
The experimental  technique has  been previous ly  described.(lO) 
200 mg of dry c o a l  was placed i n  a 7 mm 0.d. Pyrex tube sea led  on one end. 
was cent r i fuged  a t  1750 rpm f o r  5 minutes and the  he ight  of  c o a l  i n  t h e  tube w a s  
measured a s  h l .  Excess s o l v e n t  (3-4 mL) was added t o  the  tube,  which w a s  sea led  w i t h  
a rubber s topper  and immediately shaken. 
cen t r i fuged  aga in  f o r  5 minutes. 
The degree of s w e l l i n g  w a s  c a l c u l a t e d  as  Q, t h e  swel l ing  r a t i o .  

This order  is 

The unextracted c o a l  conta ins  many hydrogen bond c r o s s l i n k s  and s i n c e  

The swel l ing  of c o a l s  i n  polar  s o l v e n t s  has  a l s o  been s tudied  extensively.(l-5,  

Amines a r e  p a r t i c u l a r l y  e f f e c t i v e ,  with t h e  c o a l  o f t e n  doubling 
Polar s o l v e n t s  a r e  capable of i n t e r a c t i n g  s p e c i f i c a l l y  wi th  polar  f u n c t i o n a l  

The sample approximately 

This f l e x i b i l i t y  is a t t r i b u t e d  

We extended the  study t o  in- 

A l l  so lvents  were p u r i f i e d  according t o  s tandard  methods. (9) 

The coal  
B r i e f l y ,  about 100- 

P e r i o d i c a l l y ,  t h e  tube was shaken and 
The he ight  of swollen c o a l  was measured as h2. 

= h,,hZ = 1) 
volume of swollen c o a i  
volume of unswollen c o a l  

The meas'xernents were continued u n t i l  no f u r t h e r  change i n  Q occurred during a two 
week period. 

Coal Analyses. The four  c o a l s  used i n  t h e  s tudy  were d r i e d  under vacuum a t  l l O ° C  f o r  
T4 h r s  p r i o r  t o  swel l ing .  
b a s i s  a re  presented  i n  Table I. 

All s w e l l i n g  measurements were conducted at  ambient temperature. 

Thei r  elemental  ana lyses  on a dry ,  mineral-matter-free 

488 



I 

TABLE I 

Elemental Analyses of Coals (Ut %) 

Coal C H N S,,, Oa Mineral Matter .. 
Wyoming Rawhide 72.3 5.2 0.95 0.51 21.0 7.5 
Texas lignite 70.6 5.5 1.3 1.2 21.4 8.3 
Illinois No. 6 78.9 5.6 1.4 3.4 10.7 14.0 
Bruceton 85.4 5.7 1.5 0.7 6.7 6.1 
a by difference 

Results. 
Swelling in n-Alkylamines. A series of z-alkylamines were used as swelling solvents 
for the various coals. Each value 
represents the average of 3 o r  4 measurements and the reproducibility was on the 
order of percent. The pyridine-extracted (Soxhlet) Illinois No. 6 and Rawhide 
coals were also studied to determine what effect the extraction process might have 
on the equilibrium swelling ratios. The extractabilities were found to be 18.3 per- 
cent and 5.8 percent for the Illinois No. 6 and Rawhide coals, respectively. 

The calculated awunts (mmoles) of solvent absorbed per g of dmmf coal are also 
presented in Table IT. The values were calculated according to the equation 

The swelling ratios are presented in Table 11. 

2) mmoles absorbed = (Q - 1) looo 
g of dmmf coal p V 

where Q is the swelling ratio, V is the molar volume of the solvent at 25'C, andp 
is the density of the coal. 
all coals. This calculation assumes additivity of volumes between coal and solvent. 
This assumption was not tested. 

A value of 1.3 g/mL was assumed for the density of 

TABLE I1 

Swelling Data of :-Alkylamines and Four Coals 
Bruceton Illinois No. 6 
Unexcracted Unextracted Extracted 

mmoles abs moles abs mmoles abs 
Solvent Q g dmmf coal Q g dmf coal Q g dmmf coal 

- n-propylamine 1.80 7.5 2.04 9.7 2.21 11.3 
- n-butylamine 2.09 8.5 2.23 9.6 2.25 9.8 
- n-hexylamine 2.32 7.7 2.72 10.0 2.62 9.4 

7.5 2.94 - 9.0 2.79 - 8.3 - n-octylamine 2.61 - 
Average : 7.8 9.6 9.7 

Big Brown Rawhide 
Unextracted Unextracted Extracted 

mmoles abs mmoles abs moles abs 
Q g dmmf coal Q dmmf coal Q g dmmf coal 

- n-propylamine 2.64 1 5 . 3  2.30 12.2 2.22 11.4 
- n-butylamine 2.94 15.1 2.44 11.2 2.34 10.4 
- n-hexylamine 3.27a 13.2b 3.03 11.8 2.74 10.1 
- n-octylamine 3.14a G b  3.14a - 10.Ob 3.0aa - 9.7b 
Average : 15.2 11.2 10.6 

a Not at equilibrium after 1200 hrs. 
b Excluded from average because swelling had not reached equilibrium. 
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Swelling i n  n-Alkyl Alcohols. 
Bruceton and Big Brown coa l s  so t h a t  t h e  r e s u l t s  could be  compared with those using 
the  =-alkylamines as swe l l ing  solvents .  
by t h e  coa l s  a r e  p re sen ted  i n  Table 111. 

A s e r i e s  of 5-alkyl  a l coho l s  were used t o  s w e l l  t h e  

The swe l l ing  r a t i o s  and the  amounts absorbed 

TABLE I11 

Swell ing Data f o r  n-Alkyl Alcohols and Two Coals 

Bruceton Big Brown 
Unextracted Unextracted 

mmoles abs m o l e s  abs  
Solvent 9 g dnrmf coa l  Q g d m f  c o a l  

methanol 1.18 3.4 1.67 12.7 

- n-butanol 1.21 2.2 1.66 6.8 

- n-oc t ano l  1.22 1.1 1.30 1.5 

Discussion. 
Swelling i n  n-Alkylamines. The degree of swel l ing of each c o a l  is observed t o  increase 
l i n e a r l y  with i n c r e a s i n g  s i z e  of the amine. This  r e s u l t  is shown i n  Figure 1, where 
Q is p lo t t ed  a g a i n s t  the molar volume of t he  solvent .  Bruceton c o a l  swells t h e  l e a s t  
i n  each so lven t ,  whereas Big Brown l i g n i t e  s w e l l s  the  most. (Note t h a t  some Q values 
were omitted from F igure  1 s i n c e  they were not  equ i l ib r ium va lues ) .  

A s  shown i n  Table  11, each coa l  absorbs nea r ly  a constant  amount of each amine. 
This  r e s u l t  suggest t h a t  t he  amines a r e  binding t o  s p e c i f i c  s i t e s  w i th in  the coa l ,  
and t h a t  each amine, r ega rd le s s  of i t s  s i z e ,  has equa l  a c c e s i b i l i t y  t o  t h e  binding 
sites. The degree of swe l l ing  inc reases  with inc reas ing  chain l e n g t h  of t he  amine 
because the c o a l  network must expand more t o  accommodate the l a r g e r  a l k y l  groups. 

The amines a r e  probably i n t e r a c t i n g  through hydrogen bonding wi th  oxygen func- 
t i o n a l i t i e s  i n  the c o a l s ,  s i n c e  oxygen i s  the most abundant heteroatom i n  the  coa l s  
and the  amines a r e  known t o  be s t rong  hydrogen bonding solvents .  I f  t h i s  is t r u e ,  
then the amounts of amine absorbed by the  coa l s  should roughly c o r r e l a t e  with the  
oxygen contents  of t h e  coa l s .  This  gene ra l  t r end  i s  observed, with the  amounts of 
amine absorbed by the coa l  i nc reas ing  i n  the o rde r  B r u c e t o n ( I l 1 i n o i s  No. 6 (Rawhide 
<Big Brown l i g n i t e .  

groups i n  the coal. However, the amounts absorbed by the  coa l s  exceed t h e  number 
of phenolic hydroxyl groups known to be present  i n  t h e  coa l s .  
No. 6 and Rawhide c o a l s  are reported to  contain approximately 3 and 5 m o l e s  hydroxyl 
groups p e r  g of d m f  c o a l . ( l l , l 2 )  
absorbed by the c o a l s  ( s ee  Table 11). 
o t h e r  sites i n  the  c o a l s  a s  w e l l .  
f unc t iona l  groups, which a r e  known t o  b e  present  i n  coa l s .  

equi l ibr ium swe l l ing  were measured f o r  some c o a l s  and solvents .  
va r i ed  dramatical ly ,  depending upon both coa l  and solvent .  
s en ted  i n  Table I V  for t h r e e  coa l s  and n-butyl- and n-octylamine. 
equi l ibr ium much f a s t e r  i n  _n-butylamine-than i n  _n-octylamine. 
apparent ly  prevents  r ap id  d i f f u s i o n  of t h e  amine i n t o  the coa l  network. 
l i b r ium times i n  n-octylamine inc rease  i n  the o rde r  I l l i n o i s  No. 6<Rawhide(Big 
Brown. 
h r s ,  demonstrating t h a t  c o a l  swel l ing can be an e x t r a o r d i n a r i l y  slow process. 

- n-propanol 1.20 2.6 1.69 9.0 

- n-hexanol 1.20 1.2 1.33 2.0 

The amines a re  probably hydrogen bonding t o  phenol ic  hydroxyl 

For example, I l l i n o i s  

These amounts a r e  much less than the  amounts o f  amine 

These sites may inc lude  e t h e r  and carboxyl ic  

Although a d e t a i l e d  k i n e t i c  s tudy w a s  not  undertaken, approximate times t o  

Apparently, t h e  amines a r e  i n t e r a c t i n g  with 

Equilibrium times 
These r e s u l t s  a r e  pre- 

The coa l s  reached 
The bulky o c t y l  group 

The equi- 

The_n-octylamine-Big Brown system was s t i l l  n o t  a t  equ i l ib r ium a f t e r  1200 
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I TABLE IV 

Approximate Swelling Times f o r  
n-Butylamine and n-0ctylamine and Three Coals 

Solvent I l l i n o i s  No. 6 Rawhide Big Brown 

- n-butylamine 1 h r  1 h r  5 h r s  
- n-octylamine 5 h r s  170 h r s  1200 h r sa  

a Not at equi l ibr ium a f t e r  1200 h r s .  

F ina l ly ,  pyridine-extracted I l l i n o i s  No. 6 and Rawhide coa ls  were a l s o  s t u d i e d  
t o  determine what e f f e c t  t h e  e x t r a c t i o n  process  has on the  equ i l ib r ium swe l l ing  r a t i o s .  
The r e s u l t s  i n  Table 11 r e v e a l  t h a t  the  e x t r a c t e d  c o a l s  s w e l l  t o  nea r ly  the  same 
degree a s  the  unextracted c o a l s ,  w i th  nea r ly  the  same average amounts of amine 
being absorbed. The r e s u l t s  suggest  t h a t  t h e  amines a r e  i n t e r a c t i n g  with t h e  unex- 
t r a c t e d  and ex t r ac t ed  coa ls  i n  a s i m i l a r  fash ion ,  and t h a t  t h e  binding sites wi th in  
t h e  coa ls  a r e  equal ly  access ib l e  t o  t h e  amines. 

Swelling i n  n-Alkyl Alcohols. Bruceton coa l  and Big Brown l i g n i t e  were swollen i n  
a s e r i e s  of n-alkyl a l coho l s  i n  o rde r  determine i f  they behaved s i m i l a r l y  t o  the  
amines. A s  shown i n  Figure 1, t h e  swe l l ing  r a t i o s  remain constant  a t  about 1.2 
f o r  t h e  Bruceton coal ,  r ega rd le s s  of the  s i z e  of the  alcohol .  For Big Brown l i g n i t e ,  
three of the smaller  a l coho l s  give swe l l ing  r a t i o s  of 1.65. The swel l ing drops o f f  
for n-hexyl a l coho l  and n-octyl a lcohol ,  suggest ing t h a t  these  swel l ing r a t i o s  a r e  
not y e t  a t  equi l ibr ium. As with t h e  amines, t h e  a l coho l s  s w e l l  t h e  l i g n i t e  more than 
the  Bruceton coal .  

The amounts of a l coho l  absorbed a r e  seen t o  decrease with inc reas ing  s i z e  of 
t h e  a l coho l  as shown i n  Table 111. Thus t h e  a l coho l s  do not have equa l  a c c e s s i b i l i t y  
i n t o  coa l  network, i n  c o n t r a s t  t o  t h e  amines. These r e s u l t s  a r e  cons i s t an t  w i t h  
calor imetry s t u d i e s  of Wightman and Widyani, who measured t h e  hea ts  of immersion of 
a Pocahontas No. 3 c o a l  i n  series of q -a lky l  a l coho l s . ( l3 )  They observed the  h e a t s  of 
immersion t o  decrease wi th  inc reas ing  s i z e  of the  a lcohol ,  and concluded t h a t  t h e  
smaller  a l coho l s  were a b l e  t o  pene t r a t e  t h e  coa l  s t r u c t u r e  more e a s i l y  than t h e  
l a r g e r  a lcohols .  

be r e l a t e d  t o  the  s t r e n g t h s  of t h e  coal-solvent i n t e r a c t i o n s .  The amines i n t e r a c t  
much more s t rongly  with t h e  c o a l s  than the  a l coho l s  because t h e  degree of swe l l ing  
is much g r e a t e r  i n  the  amines. The amines can be expected t o  d i s r u p t  coal-coal  
hydrogen bond c r o s s l i n k s  and, by doing so, t h e  coal  w i l l  be much more f l e x i b l e .  
The coa l  i s  then ab le  t o  expand t o  contain even the  l a r g e  g-octylamine. 
a lcohols  apparent ly  lack  t h i s  a b i l i t y  t o  d i s r u p t  the  hydrogen bond c r o s s l i n k s  s i n c e  
the  amounts absorbed by t h e  c o a l s  decrease with inc reas ing  s i z e  of t h e  a l coho l  ins tead  
of remaining constant .  

Conclusion. The swel l ing of four  d i f f e r e n t  coa ls  i n  s e r i e s  of n-alkylamines and 
“-alkyl a lcohols  were measured. For t h e  amines, t h e  amounts absorbed by the  coa ls  
remains constant  among the  s e r i e s ,  suggest ing t h a t  t h e  amines a r e  binding t o  s p e c i f i c  
s i t e s  within the  coal  network. Thus, the  p r i n c i p a l  d r iv ing  f o r c e  f o r  the  swe l l ing  
process  is  en tha lp i c  i n  na tu re  f o r  these  so lvents .  The a l coho l s  behave q u i t e  d i f f e r -  
e n t l y  toward the  coa ls ,  with the amounts absorbed by t h e  c o a l  decreasing with 
inc reas ing  s i z e  of the  alcohol .  T h i s  d i f f e rence  i n  behavior i s  a t t r i b u t e d  p r imar i ly  
Co the  i n a b l i t y  of the  a l coho l  t o  d i s r u p t  t h e  hydrogen bond c r o s s l i n k s  of t h e  c o a l  
network. 

The swel l ing r a t i o s  of  the  c o a l s  i n  o t h e r  l a r g e r  n-alkylamines can be p red ic t ed  
from the  r e s u l t s  presented i n  Figure 1. For example, Big Brown l i g n i t e  and Bruceton 
coal  a r e  predicted t o  have Q values  of 7.8 and 3.5, r e s p e c t i v e l y ,  i n  octadecylamine. 
However, the  swel l ing process  w i l l  probably be e x t r a o r d i n a z i l y  slow i n  t h i s  so lvent ,  
poss ib ly  r equ i r ing  s e v e r a l  months or years  t o  reach equ i l ib r ium a t  room temperature. 

The d i f f e r e n t  behaviors of the  amines and t h e  a l coho l s  toward t h e  coa ls  must 
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The covalen t ly  c r o s s l i n k e d  n a t u r e  of t h e  coa l  may a l s o  p l a c e  a l i m i t a t i o n  on 
how much i t  w i l l  s w e l l  i n  l a r g e r  n-alkylamines. For example, t h e  l i g n i t e  must expand ,/ 
t o  near ly  8 t imes its o r i g i n a l  voiume i n  o r d e r  t o  accommodate t h e  pred ic ted  amount 
of  octadecylamine. The e x i s t e n c e  of covalent  c r o s s l i n k s  may prevent  t h i s  degree of 
expansion. The swe l l ing  r a t i o  may, i n  f a c t ,  l e v e l  o f f  a t  some c r i t i c a l  amine s i z e .  
Seve ra l  f a c t o r s  w i l l  probably p l ay  a r o l e  i n  determining t h i s  c r i t i c a l  s i z e ,  includ- 
i n g  t h e  s t r e n g t h  o f  t h e  coal-solvent  i n t e r a c t i o n ,  t h e  populat ion of t h e  oxygen 
f u n c t i o n a l i t i e s  i n  the coa l ,  t h e  covalent  c r o s s l i n k  d e n s i t y  of t h e  coa l ,  and the  
f l e x i b i l i t y  of t he  macromolecular chains .  

Acknowledgement. W e  wish t o  thank t h e  Exxon Education Foundation f o r  support  of 
t h i s  work. We a l s o  a p p r e c i a t e  t h e  con t r ibu t ion  of c o a l  samples by Dr. Ron L io t t a .  
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THE RUTHENIUM(VIl1) CATALYZED OXIDATION OF TEXAS LIGNITE AND ILLINOIS NO. 6 

BITUMINOUS COAL. THE ALIPHATIC AND AROMATIC CARBOXYLIC ACIDS. 

Leon M. Stock, Kwok-Tuen Tse and Shih-Hsien Wang 

Department of Chemistry, University of Chicago, Chicago, I L  60637 

INTRODUCTION 

The structural elements in coals have been under study by modern methods 
in several laboratories over the past decade. 
out the need for specific reagents for the elaboration of the aliphatic net- 
work in these materials and have exploited the acid-catalyzed reactions of 
peroxyacids for the selective decomposition of the aromatic structural ele- 
ments (1-5). Unfortunately, the initial reaction products are often unstable 
under the reaction conditions and it is difficult to relate the structures of 
the observed products to the original structural elements gf the coals (5). 
Considerations of this kind and other objectives led us to consider the use of 
ruthenium(VII1) as an oxidant for coal. Sharpless and his associates recently 
pointed out that oxidation reactions with ruthenium(VII1) could be carried out 
very effectively in the presence of acetonitrile (6). Their suggestion led to 
the discovery that rutheniurn(VII1) i n  a nitrile-rich solvent was an excellent 
oxidant for coal (7). 

benzenes, alkylnaphthalenes, phenanthrenes and anthracenes have been investi- 
gated (7). The selectivity of the reaction is illustrated by the results for 
the oxidation of 2-naphthol and 4-pentylbiphenyl, equations ( 1 )  and (2). 

Deno and his associates pointed 

The oxidation reactions o f  representative hydrocarbons such as the alkyl- 

2-Naphthol - Benzene-1,2-dicarboxyIic acid ( 1 )  

C5H1 ,C6H4C6H5 - C5H1 C02H + C6H5C02H t C5H, ,C6H4C02H (2) 
(51%) (54%) (38%) 

The reagent has also been used successfully for the oxidation of Illinois No. 
6 coal (7). Further, the volatile monocarboxylic acids have been determined 
quantitatively using the oxidation reaction in conjunction with isotope dilu- 
tion techniques (10). Mallya and Zingaro investigated the oxidation of Texas 
lignite using ruthenium(VII1); they pointed out that ester groups were pro- 
duced during the reaction (8) .  
and a phase transfer catalyst for the oxidation of North Dakota lignite; they 
identified 16 principal products (9). 

This report concerns the similarities and differences we observed in  the 
product distribution obtained in the oxidation of Texas lignite and Illinois 
No. 6 coal. 

Olson and his coworkers employed the reagent 
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EXPERIMENTAL PART 

r 
Materials.--Ruthenium( 111) chlor ide  t r i hydra t e ,  carbon t e t r ach lo r ide ,  

a c e t o n i t r i l e ,  and e t h e r  were obtained from commercial sources. Authentic sam- 
p les  of the carboxylic ac ids  or e s t e r s  were obtained from commercial sources 
and from R. Hayatsu and R.E. Winans Wf t h e  Argonne National Laboratory. 
zomethane was prepared from Diazald. 

I l l i n o i s  No. 6 coal [77.2%C, 5.6%H, 0.68%N, 0.15%Cl, 2.95% organic S, 
0.89% p y r i t i c  S, 0.00% s u l f a t e ,  and 12.5% 0 (by d i f f e rence ) ]  was obtained from 
t h e  Peabody mine i n  Pawnee, I l l i n o i s .  Texas l i g n i t e  [70.0% C ,  5.0% H ,  1.5% N ,  
2.0% S, 19.6% 0 (by d i f f e rence ) ]  was obtained from the Wilcox formation near 
Rockdale, Texas and was supplied by N. Mallya. Each sample was ex t rac ted  
before oxida t ion  with aqueous hydrochloric ac id ,  aqueous sodium hydroxide, 
benzene-methanol, and chloroform a s  described by Hayatsu and coworkers (1 1 ) .  

Oxidation Procedure.--The oxidation r eac t ions  were ca r r i ed  out  as de- 
scribed previously (7 )  using coal (400 mg), ruthenium(II1) ch lor ide  t r i -  
hydrate (12 mg), and sodium per ioda te  ( 4  g )  in a mixture of carbon tetra- 
ch lor ide  (8 ml), a c e t o n i t r i l e  (8 ml) and water (12 ml). The mixture was s t i r -  
red f o r  about 24 hours a t  room temperature. The s o l i d s  were co l l ec t ed  by f i l -  
t r a t i o n  and the  organic and the aqueous phases were re ta ined .  The mildly aci-  
d i c  aqueous l aye r  was washed w i t h  four por t ions  of ether (15 m l ) .  
was also washed with e the r .  All the organic e x t r a c t s  were combined and dr ied  
w i t h  sodium s u l f a t e .  The so lvents  were removed w i t h  a ro ta ry  evaporator a t  
40°C. 
zomethane i n  e t h e r  (10 ml). The e t h e r  was ca re fu l ly  removed using a ro t a ry  
evaporator a t  room temperature. 
t h e  f i n a l  so lu t ion  was examined by gas chromatographylmass spectrometry. 

Gas Chromatography Mass Spectrometry. --The GC/MS r e s u l t s  were obtained 
u s i n g  an HP Model 5790A gas chromatograph w i t h  V G  Model 70-250 mass spectro- 
meter. The chromatograph was equipped w i t h  a 50 meter, OV-1701 ( 0 . 2 5 ~ )  cap- 
i l l a r y  column suppl ied  by Quadrex Corporation f o r  the ana lys is  of t h e  oxida- 
t ion products of t h e  I l l i n o i s  No. 6 coal.  
noted: 
50°C for one minute then t o  heat t o  270°C a t  t h e  r a t e  of 7OC/min and then t o  
hold a t  270°C. 
gas chromatograms of the products a r e  shown in Figures l a  and lb .  

In t h e  ana lys i s  of Texas l i g n i t e ,  a 60 meter Durabond 1701 ( 0 . 2 5 ~ )  cap- 
i l l a r y  column suppl ied  by J & W S c i e n t i f i c  Inc. was used. The conditions f o r  
the ana lys i s  are noted: injection por t ,  250°C, t h e  oven temperature was pro- 
gramed t o  hold a t  50°C f o r  one minute, and t o  hea t  t o  270°C a t  the rate of 
8"C/min and then t o  hold a t  270OC. The gas chromatogram of the oxidation pro- 
duc t  of Texas lignite is shown i n  Figure 2. 

chemical ion iza t ion  (CI) mass spec t r a l  analyses.  
reagent gas in t h e  chemical ionization work. 

RESULTS 

Dia- 

The so l id  

The ac ids  i n  t h e  concentrated so lu t ion  were methylated using 0.35M dia- 

This procedure was repeated t h r e e  times and 

The condi t ions  f o r  the ana lys i s  a re  

The 

in j ec t ion  p o r t ,  250°C; the oven temperature was programmed t o  hold a t  

The entire oxidation procedure and ana lys i s  was repeated. 

One scan p e r  second was used i n  low reso lu t ion  e!ectron impact (EI )  and 
Isobutane was used a s  t h e  

The oxidation r eac t ions  of Texas l i g n i t e  and I l l i n o i s  No. 6 bituminous 
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coal proceeded smoothly with the ruthenium ion catalyst and the carboxylic 
acids were isolated without difficulty. The esterification reactions were 
carried out exhaustively to insure that substances such as benzenetetracarb- 
oxylic acid were completely converted to the corresponding methyl esters. 
Capillary gas chromatography as described in the Experimental Part provided an 
excellent separation of the esters. In many cases, the structures of the pro- 
ducts were established by comparison with authentic samples. 
samples were not available, electron impact and chemical ionization mass spec- 
trometry were used to assign their structures in conjunction with libraries of 
mass spectral data. 
compounds including virtually every compound formed in greater than 5% yield 
relative to dimethyl butane-1.4-dioate. 
nor sulfur-containing compounds have been detected among the reaction products 
of these coals. Accordingly, we are continuing our study of the less abun- 
dant substances and of the substances that are not fully resolved by capillary 
chromatography. 

The results for the more prominant benzene and aliphatic carboxylic acids 
are summarized in Tables 1 and 2. 

When authentic 

These procedures enabled the identification of about 100 

It is notable that neither nitrogen- 

DISCUSSION 

Benzenecarboxyl ic Acids .--Ruthenium( V I  I I )  is a selective electrophi 1 ic 
oxidant. Phenolic compounds and activated polycyclic aromatic compounds are 
oxidized to benzenecarboxylic acids by the reagent (7). Neither phenolic com- 
pounds nor ethers, for example 4-hydroxy- o r  4-methoxybenzenecarboxylic acid, 
nor reactive aromatic compounds, for example naphthalene-2-carboxylic acid, 
are observed among the oxidation products. Rather, the reaction provides a 
broad array of benzenecarboxylic acids, some of which have methyl, methylene- 
carboxyl (CH CO H )  or oxocarboxyl (COCO H) groups bonded to the benzene ring. 
The absence gf iydroxyl and methoxyl degivatives in  the products coupled with 
a knowledge of the carbon atom balance strongly suggests that the benzenecarb- 
oxylic acids observed in this reaction account virtually quantitatively for 
the oxygen-free carbocyclic structures in  these coals. 

Five important features are apparent in the results for Texas lignite. 
Only 10-15 mole X of the products are benzenecarboxylic acids. Among these 
acids, benzene-1.2-dicarboxylic acid is the most abundant product. Neither 
benzene-1 ,3-, benzene-1 ,4-dicarboxyl ic acid, nor benzene-l,3,5-tricarboxyl ic 
acid are formed in  the reaction. Benzene-1,2-dicarboxylic acid, benzene- 
1,2,3-, benzene-l,2,4-tricarboxyl ic acid, and benzene-l,2,4,5-tetracarboxyl ic 
acid are produced in a 20:20:10:1 ratio. A variety of methylbenzenecarbox- 
ylic acids are also obtained. 

These results provide cogent evidence for the view that ortho substitu- 
tion patterns are predominant in the carbocyclic structures of this material and 
that biphenyl structures are insignificant. The more abundant benzenedi- and 
tricarboxylic acids presumably arise from naphthalenes, naphthols, and oxygen- 
containing heterocyclic compounds. The l o w  abundances of the tetracarboxylic 
acids indicate that the carbocyclic structures are not condensed to a signif i- 
cant degree. Thus, the results are incompatible with an important role for 
phenanthrenes or anthracenes. 

i 

* 
For convenience, the products are described as carboxylic acids rather 

than methyl esters in this discussion. 

495 



The Illinois No. 6 coal undergoes ruthenium(VII1) oxidation to yield a 
very different array o f  benzenecarboxylic acids. In this instance, benzene- 
carboxylic acids constitute about 25-30 mole % of the product. Benzene-l,2- 
dicarboxylic acid, benzene-1,2,3- and 1,2,4-tricarboxyIic acids and benzene- 
1,2,4,5-tetracarboxylic acid are the most prominant products. Only very small 
quantities of benzene-l,3- and 1,4-dicarboxylic acid and benzene-l,3,5-tri- 
carboxylic acid are formed. Benzene-l,2-dicarboxylic acid, benzene-l,2,3-, 
benzene-1,2,4-tricarboxylic acid, and benzene-1,2,4,5-tetracarboxylic acid are 
formed in a 0.8:0.9:1.2:1 ratio. This oxidation product also contains a 
variety of methylbenzenecarboxylic acids. 

The product distribution for Illinois No. 6 coal contrasts sharply with 
that for Texas lignite. The most prominant differences appear in  the large 
increase in the yields o f  the tri- and tetracarboxylic acids which indicate 
that the carbocyclic network o f  the Illinois coal is significantly more con- 
densed than that of the lignite. 

The oxidation reactions of these coals also yield aliphatic monocarboxy- 
lic acids (10). 
tative analyses indicate that the Illinois No. 6 coal used in this study yields 
1.7 moles of acetic acid/100 carbon atoms. This acid arises principally from 
the oxidation of methylated aromatic fragments. The results presented in Table 
1 indicate that avariety of other methylated compounds are also formed. Seve- 
ral lines of evidence now suggest that Illinois No. 6 coals contain between 4 
and 6 methyl groups per 100 carbon atoms (10,12). 

Aliphatic Carboxylic Acids.--Ruthenium(VIII) reacts selectively with acti- 
vated aromatic structures. Most aliphatic structures are stable. Thus, alkyl- 
aromatic compounds provide the corresponding alkylcarboxylic acids (RAr - RC02H), 
hydroaromatic compounds provide dicarboxylic acids (indan - pentane-l,5-dioic 
acid) and bridging alkyl fragments yield dibasic acids (bibenzyl - butane-1,4- 
dioic acid). Most aliphatic acids are stable under the reaction conditions. 
Unfortunately, the propane-l,3-dioic acids decompose as illustrated for the 
ethyl derivative in equation (3). 

Acetic acid is the predominant product of this kind. Quanti- 

CH3CH2CH(C02H)2 - CH3CH2C02H (3) 

In spite of this limitation, the ruthenium(VII1) oxidation provides both 
a better yield of aliphatic acids and a more diverse array of products than 
other oxidants such as the peracids (2,3). 

No. 6 coal are summarized in Table 2. 

tually all of the acids produced i n  greater than 5% abundance relative to 
butane-l,4-dioic acid have been identified. All the up-diacids from butane- 
1,4-dioic acid to undecane-1 ,ll-dioic acid are present. Many other diacids 
are also produced including almost every isomer o f  the 5,6, and 7 carbon atom 
derivatives as illustrated in equation (4). An interesting array of tri- and 
tetracarboxylic acids are also formed. 

The aliphatic reaction products obtained from Texas lignite and Illinois 

The oxidation of Texas lignite provides about 60 aliphatic acids. Vir- 
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A(CH2)4A > ACH(CH3)(CH2)2A > AC(CH3l2CH2A > 

ACH(CH3)CH( CH3)A > ACH2CH(C2H5)A (4b) 

A(CH215A > ACH2CH(CH3)(CH2)2A > ACH(CH3)CH(CH3)CH2A > 

AC( CH3)2( CH2)2A > ACH2C( CH3)2CH2A (4c) 

The interpretation of these results is complicated by the fact that se- 
veral of the products can be formed i n  different ways. To illustrate, pentane- 
1.5-dioic acid can be formed from four different structures: Ar(CH ) Ar, Ar- 
(CH I3CH(Ar) , indan, and 1-aryltetralin. Nevertheless, the result< grovide a 
basts for thg discussion of the complex aliphatic network in this coal. 

The product mixture obtained from Illinois No. 6 coal is  much less com- 
plex. About 40 compounds have been identified. In contrast to the lignite, 
only 5 a,w-dicarboxylic acids are obtained and there are correspondingly fewer 
di- and tricarboxylic acids. There is a considerable decrease in  the quanti- 
ties of the higher molecular weight aliphatic acids. 

The product distribution observed in this study is considerably more di- 
verse than that obtained in previous studies of the aliphatic network of this 
coal. Many of the aliphatic acids produced i n  the reaction of the lignite are 
also formed from this coal during oxidation, but the yields are uniformly 
lower. Thus, the structures of the two materials appear to be closely related. 

CONCLUSION 

Ruthenium(VII1) is a selective oxidant for activated aromatic compounds 
and, therefore, provides definite information concerning the less readily oxi- 
dized carbocyclic and aliphatic structural elements in these coals. There are 
significant differences in the benzenecarboxylic acid product distributions 
for Texas lignite and Illinois No. 6 bituminous coal. While it is clear that 
ortho structures are dominant in the two coals, the degree of condensation 
differs appreciably for these 70 and 77%C (daf) materials. Hayatsu and co- 
workers have commented on this difference previously (13). Ruthenium(VII1) 
oxidation provides the aliphatic mono-, di-, tri- and tetracarboxylic acids in 
greater quantity and structural diversity than other techniques, such as per- 
acid oxidation (2.31, designed to elaborate this structural element. 
Texas lignite and Illinois No. 6coal yield many of the same low molecular 
weight di- and tri- carboxylic acid. 
structure of the lignite is more diverse, the structures of the two coals 
appear to be correlated inasmuch as many of the products have similar three 
and four carbon fragments. Broadly, our results are compatible with the view- 
point that the carbocyclic aromatic network becomes more diverse and the ali- 
phatic network less diverse as coalification proceeds. 

Both 

While it is evident that the aliphatic 
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Table 1. The Benzenecarboxylic Acids Formed in the Oxidation of Texas Lignite 
and Illinois No. 6 Coal. 

Texas Lignite Illinois No. 6 
Number Abundancea Number Abundancea 

Compound 

Benzenemonoacid 

Benzene-1,2-diacid 

Benzene-l,3-diacid 

knzene-l,4-diacid 

Methy 1 benzened i ac ids 

Dime thy1 benzened i ac i d s  

Benzene- 1,2,3-triacid 

Benzene-1,2,4-triacid 

Benzene- 1,3,5-triacid 

Methy 1 benzenetri ac i ds 
b Dimethyl benzenetriacids 
b Trimethylbenzenetriacids 

Benzene- 1,2,3,4-tetraacid 

Benzene- 1,2,3,5-tetraacid 

Benzene-l,2 ,4,5-tetraacids 

Methylbenzenetetraacids 

Dimethylbenzenetetraacids 

Benzenepentaac i d 

b 

b 

b 

b 

W 

vs 
Not detected 

Not detected 

4 2M, 2W 

1 vw 
S 

vs 
vw 

5 vw 
2 vw 
Not detected 

W 

W 

W 

1 vw 
Not detected 

Not detected 

W 

S 

vw 
Not detected 

2 W,M 

1 vw 
vs 
vs 
vw 

5 4W,lVW 

2 vw 
4 3W, 1M 

M 
vw 
vs 

2 lM, 1VW 

1 w 
vw 

aThe relative abundances are based upon the relative ion currents with di- 
methyl butane-l,4-dioate adopted as 100%. 
5-15%; W 2-5% and VW 2%. 

than simple methyl groups. 

The notation is VS > 30%; S 15-30%; M 

bCertain of the methyl-containing molecules have CH2C02H fragments rather 
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I Table 2. The Relatively Abundant Aliphatic Carboxylic Acids Formed in the [Ixi- 
dation of Texas Lignite and Illinois No. 6 Coal. 

/ 

Texas Lignite Illinois No. 6 
Compounda Number Abundancea Number Abundancea 

2C2A 

3C2A 

4C2A 

5C2A 

6C2A 

7C2A 

8C2A 

9C2A 

10C2A 

11C2A 

3C3A 

4C3A 

1 

3 

5 

7 

7 

4 

1 

1 

2 

1 

1 

5 

vs 
ZVS, 1w 

ZVS,lM,lW,IYW 

1 VS ,4M, 2W 

1vs,3w,3vw 

1vs,1s,1w,1vw 
vu 
M 

lM, 1VW 

W 

vs 
1S,4M 

1 

5 

vs 
2VS.lW 

2S,lVW 

2M,2W ,2VW 

lW,lVW 

S 

1 M,3W, 1 VU 

5C3A 5 4M,lW 4 4w 

6C3A 

7C3A 

4C4A 

6 2M,4VW 1 

3 lM,ZVW 

1 vu 

W 

aThe numbers o f  unoxidized aliphatic carbon atoms in the structure are 
indicated first, followed by the number of acid groups. 
1 ,d-butanedioic acid or Z-methy1-1,3-propanedioic acid. 

Thus, 2CZA could be I 

bThe abundance is defined in footnote b of Table 1. 
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6,  

%# 
a. 

n, 
6- 

m. 
a. 
m. 
a. 
z. 
I). 

e. 

Figure 1. Chromatograms (GCMS) o f  the oxidaiton products of  Illinois 
No. 6 coal obtained in fully independent experiments. 
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us. 
(5. 

16. 
8. 
1. 
a. 
8. 
0).  

s. 
0. 

m. 

a. 
a. 
16. 
1. 
s. 
a. 
Is. 

Figure 2. Chromatogram (GCMS) o f  the oxidation product of Texas lignite. 
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